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ABSTRACT

Agricultural Nitrogen Management Affects Microbial Communities, Enzyme Activities,
and Functional Genes for Nitrification and Nitrogen Mineralization
by
Yang Ouyang, Doctor of Philosophy
Utah State University, 2016

Major Professor: Dr. Jeanette Norton
Department: Plants, Soils, and Climate
The transformations of organic nitrogen to ammonium and nitrate are central
processes in the internal soil nitrogen cycle. In most agricultural soils, ammonium is
rapidly oxidized to nitrate in the process known as nitrification; often leading to loss of
nitrate from the system. Nitrification is mediated by ammonia oxidizing bacteria or
archaea, and nitrite oxidizing bacteria. Understanding links between process rates,
enzyme activities and the communities of microbes that cycle nitrogen may contribute to
sustainable management.
Our main objective was to determine the impacts of contrasting nitrogen
management on soil microbial communities, enzyme activities, and functional genes for
nitrification and nitrogen mineralization in a Utah agricultural system. Process rates and
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activities were measured in laboratory potential assays and 15N isotope pool dilution
experiments. The abundance and diversity of genes involved in nitrification and nitrogen
mineralization were examined using quantitative real-time PCR, pyrosequencing, clone
libraries, and metagenomics. Key enzymes and their relevant marker genes included
ammonia monooxygenase (amoA), nitrite oxidoreductase (nxrB), protease (npr and sub),
chitinase (chiA), and urease (ureC). The overall soil microbial community composition
was assessed targeting ribosomal genes.
Ammonia oxidizing bacteria were more responsive than archaea to ammonium
fertilizers while the archaea were competitive under low ammonium levels. The relative
contribution of ammonia oxidizing archaea to nitrification increased with increasing
temperature and their activity had a higher temperature optimum than bacteria. The
abundance of ammonia oxidizers in the organic farming system increased with organic
nitrogen fertilizers and their activity was higher in manure than in compost treated soil.
Nitrogen fertilizers strongly stimulated the rates of potential nitrite oxidation. Nitrospira
was the only known nitrite oxidizer genus recovered from any soil sample. The
application of organic nitrogen fertilizers, but not inorganic, increased the diversity of the
prokaryotic community and the activities of soil enzymes. In the organic farming system,
abundances of functional genes for mineralization were increased by organic nitrogen
fertilizer and these abundances were significantly correlated with corresponding enzyme

v
activity. Understanding the link between microbial communities and the biogeochemical
functions of nitrification and mineralization may allow ecosystem models to incorporate
microorganisms as dynamic components driving nitrogen flux.
(334 pages)
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PUBLIC ABSTRACT
Agricultural Nitrogen Management Affects Microbial Communities, Enzyme Activities,
Functional Genes for Nitrification and N Mineralization
Yang Ouyang

Improved understanding of nitrogen cycling in agriculture is essential for increasing
fertilizer use efficiency and sustainable food production. The availability and mobility of
nitrogen are largely determined by the processes of nitrogen mineralization and
nitrification. Nitrification is mediated by ammonia oxidizing bacteria, ammonia oxidizing
archaea, and nitrite oxidizing bacteria. Our understanding of the controls on the relative
activity of these nitrifying organisms in soil is limited. A wide variety of soil
microorganisms produce enzymes that mineralize nitrogen from organic matter, but we
have limited knowledge about links between enzyme activity and the microbes that work
in soil. The main objective of this study was to determine the impacts of agricultural
nitrogen management on soil microbial communities, enzyme activities, and functional
genes for nitrogen mineralization and nitrification in conventional and organic farming
systems. This work was supported by the United States Department of Agriculture and
the Utah Agricultural Experiment Station. We established silage corn field plots in
northern Utah and silage corn was grown using ammonium fertilizers or manure
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composts over five years with an additional certified organic field used for comparison.
Soil nitrogen transformations were examined for their rates and the organisms
responsible. Molecular tools were developed based on the genes for important enzymes
in the mineralization and nitrification processes. Ammonium fertilizers increased the
abundance of soil nitrifiers and nitrification. We found that application of organic N
fertilizer, but not inorganic N fertilizer, increased the diversity of the microbial
community and nitrogen mineralization. The abundance of functional genes and their
corresponding enzyme activity was increased by organic N fertilizers in the organic
farming system. Understanding the link between microbial communities and
biogeochemical functions such as nitrification and mineralization may allow ecosystem
models to incorporate microorganisms as dynamic components driving the nitrogen
cycle. This may further efforts to manage soil nitrogen supply to match plant demand
resulting in improved sustainability for agricultural systems.

viii
ACKNOWLEDGMENTS
I would like to thank my major professor, Dr. Jeanette Norton, for her patience,
encouragement, financial and technical support, and English editing. She has kept weekly
appointments to meet me and answer my countless questions every Friday afternoon for
four years. She has showed me how to think and communicate through science; from the
big picture to exact mechanisms. She has always encouraged me to express my thoughts.
She has kindly shared me many tips for molecular experiments and helped me solve
hundreds of technical problems. Dr. Jeanette Norton is a great mentor and friend, and she
has changed my way of thinking, communicating and conducting science. I would never
have completed this dissertation without her intelligence and guidance.
I am also very grateful to my other committee members, Dr. John Stark, Dr. Jennifer
Reeve, Dr. Jon Takemoto, Dr. Paul Grossl, for suggesting wonderful courses, giving
valuable advice for the proposal, providing thoughtful questions for the qualifying exam,
and reviewing this dissertation. Special thanks to Dr. John Stark for editing the
manuscripts and advising isotope labelling and calculation for the N15 analysis. Dr.
Jennifer Reeve is highly appreciated for sharing her insights on sustainable agriculture
and guiding soil sampling from the organic farm.
My gratitude also goes to Kendal Morris and Tasha Prettyman, for training me on the
Lachat. Thanks to David Powelson for training me on the C-analyzer, N-analyzer, and

ix
Phoenix DOC. Many thanks to Danielle Barandiaran, Brittany Johnson, Cory Ortiz,
Marlen Craig Rice, Jeremiah Moore, Henry Linford, John Graves, and Avneet Kakkar in
the Norton lab for their help in soil sampling and lab work. Many thanks to the United
States Department of Agriculture, Utah Agricultural Experiment Station, United States
Department of Energy Joint Genome Institute, and Graduate school of Utah State
University for funding these studies.
I would also like to thank my father, Qingyun Ouyang (欧阳庆云), and my mother,
Yifang Dai (戴义芳), for their encouragement and support. I am especially grateful to my
wife, Lili Song (宋丽丽), for working with me in the lab, sharing my anxiety and
pressure, telling me funny jokes, and providing encouragement to make progress toward
my PhD. Special thanks to my friend, Di Liang (梁地) and Jianzhi Huang (黄建枝), for
sharing the experience and motivation to pursue a doctoral degree in the United States. I
would also like to thank my friends in Logan and mention them: Ling Lv (吕玲), Wenyi
Sheng (盛文溢), Rong Zhou (周蓉), Liujun Wen (温刘君), Le Yang (杨乐), Hu Chen (
陈虎), Penghao Chen (陈鹏浩), Tao Xu (徐涛), and Zhengfei Rui (芮正飞). Their
generosity and kindness make life here easier and happier.
Yang Ouyang

x
CONTENTS
Page
ABSTRACT ....................................................................................................................... iii
PUBLIC ABSTRACT ....................................................................................................... vi
ACKNOWLEDGMENTS ............................................................................................... viii
LIST OF TABLES ........................................................................................................... xvi
LIST OF FIGURES ....................................................................................................... xviii
CHAPTER
I. INTRODUCTION AND LITERATURE REVIEW ........................................................1
1. Introduction ......................................................................................................................1
2. Literature review ..............................................................................................................4
2.1 Nitrogen mineralization ........................................................................................ 5
2.2 Enzymes involved in N mineralization ................................................................. 7
2.3 The relationship between enzyme activity and N mineralization ......................... 9
2.4 Genes encoding mineralization enzymes in soil ................................................. 12
2.5 Nitrification ......................................................................................................... 14
2.6 Soil nitrifying community ................................................................................... 16
2.7 Inorganic and organic N fertilization effects on ammonia oxidizers .................. 18
2.8 Environmental factors controlling the distribution of AOA and AOB ............... 20
2.9 Nitrification kinetics ........................................................................................... 23
2.10 AOA and AOB contributions to nitrification.................................................... 24
3. Objectives and hypotheses .............................................................................................25
References ..........................................................................................................................29
Tables and figures ..............................................................................................................44

II. AMMONIA-OXIDIZING BACTERIA ARE MORE RESPONSIVE THAN
ARCHAEA TO NITROGEN SOURCE IN AN AGRICULTURAL SOIL. .............47
Abstract ..............................................................................................................................47

xi
1. Introduction ....................................................................................................................48
2. Materials and methods ...................................................................................................51
2.1 Experimental field plots and soil sampling ......................................................... 51
2.2 Soil chemical properties ...................................................................................... 53
2.3 Nitrification potential and recovered nitrification potential assays .................... 53
2.4 Gross and net nitrification rates .......................................................................... 55
2.5 Soil DNA extraction and real-time quantitative PCR ......................................... 56
2.6 Pyrosequencing and bioinformatic analysis........................................................ 58
2.7 Statistical analysis ............................................................................................... 59
2. Results ............................................................................................................................60
3.1 Soil chemical properties ...................................................................................... 60
3.2 Nitrification potential and recovered nitrification potential ............................... 61
3.3 Abundance of AOA and AOB ............................................................................ 63
3.4 Community structure of AOA and AOB ............................................................ 64
3. Discussion ......................................................................................................................65
4.1 AOA and AOB abundance and community composition response to
contrasting N sources ........................................................................................... 66
4.2 Contribution of AOA and AOB to nitrification activity ..................................... 70
Acknowledgments..............................................................................................................75
References ..........................................................................................................................75
Tables and figures ..............................................................................................................83

III. AMMONIUM AVAILABILITY AND TEMPERATURE CONTROL
CONTRIBUTIONS OF AMMONIA OXIDIZING BACTERIA AND ARCHAEA
TO NITRIFICATION IN AN AGRICULTURAL SOIL ...........................................94
Abstract ..............................................................................................................................94
Introduction ........................................................................................................................96
Materials and methods .......................................................................................................99
Soil characterization.................................................................................................. 99
Nitrification potential and nitrification kinetics ...................................................... 101
Temperature response of nitrification potential ...................................................... 103
Net nitrification ....................................................................................................... 103

xii
Soil DNA extraction and real-time quantitative PCR ............................................. 104
Statistical analysis ................................................................................................... 104
Results ..............................................................................................................................105
Inorganic N dynamics ............................................................................................. 105
Seasonal dynamics of AOA and AOB abundance .................................................. 106
Nitrification kinetics ............................................................................................... 107
Temperature response ............................................................................................. 109
Seasonal dynamics of nitrification potential and net nitrification .......................... 110
Nitrification potential through the soil profile ........................................................ 112
Discussion ........................................................................................................................113
Ammonia oxidization kinetics and temperature response ...................................... 113
Variability in abundance and activity of AOA and AOB ....................................... 120
Acknowledgments............................................................................................................123
References ........................................................................................................................123
Tables and figures ............................................................................................................129

IV. AMMONIUM-BASED FERTILIZER INCREASES THE ACTIVITY, BUT NOT
THE ABUNDANCE OF NITRITE OXIDIZERS IN AN AGRICULTURAL
SOIL .........................................................................................................................139
Abstract ............................................................................................................................139
1. Introduction ..................................................................................................................140
2. Materials and methods .................................................................................................143
2.1 Soil characterization.......................................................................................... 143
2.2 Potential nitrite oxidation.................................................................................. 144
2.3 Soil DNA extraction and real-time quantitative PCR ....................................... 144
2.4 Clone libraries of nxrB from soil DNA ............................................................ 145
2.5 Characterizing nitrifying community with 16S Illumina sequencing ............... 147
2.6 Statistical analysis ............................................................................................. 147
3. Results ..........................................................................................................................148
3.1 Nitrifying community composition................................................................... 148
3.2 The activity, abundance and diversity of Nitrospira ......................................... 149
4. Discussion ....................................................................................................................151

xiii
Acknowledgments............................................................................................................154
References ........................................................................................................................155
Tables and figures ............................................................................................................158

V. RESPONSE OF SOIL MICROBIAL COMMUNITY STRUCTURE AND
NITROGEN MINERALIZATION FUNCTIONS TO ORGANIC AND
INORGANIC NITROGEN FERTILIZERS .............................................................164
Abstract ............................................................................................................................164
1. Introduction ..................................................................................................................165
2. Materials and methods .................................................................................................168
2.1 Soil characterization.......................................................................................... 168
2.2 Gross and net N transformation rates................................................................ 169
2.3 Soil enzyme activities ....................................................................................... 170
2.4 Soil DNA extraction and real-time quantitative PCR ....................................... 172
2.5 Pyrosequencing and data analysis for ureC ...................................................... 172
2.6 PCR amplification and Illumina sequencing .................................................... 174
2.7 Statistical analysis ............................................................................................. 175
3. Results ..........................................................................................................................176
3.1 Soil N transformation rates and enzyme activities ........................................... 176
3.2 Abundance and diversity of selected genes involved in N mineralization ....... 177
3.3 Composition of prokaryotic community. .......................................................... 178
4. Discussion ....................................................................................................................181
Acknowledgments............................................................................................................185
References ........................................................................................................................185
Tables and figures ............................................................................................................192

VI. SOIL ENZYME ACTIVITIES AND ABUNDANCE OF MICROBIAL
FUNCTIONAL GENES INVOLVED IN N TRANSFORMATIONS IN AN
ORGANIC FARMING SYSTEM ............................................................................200
Abstract ............................................................................................................................200
1. Introduction ..................................................................................................................201

xiv
2. Materials and methods .................................................................................................205
2.1 Soils................................................................................................................... 205
2.2 Microbial biomass carbon and nitrogen ............................................................ 206
2.3 Soil enzyme activities ....................................................................................... 207
2.4 N transformation rates....................................................................................... 208
2.5 Soil DNA extraction and real-time quantitative PCR ....................................... 210
2.6 Statistical analysis ............................................................................................. 211
3. Results ..........................................................................................................................212
3.1 Soil biochemical characteristics ........................................................................ 212
3.2 Soil enzyme activities and N transformation rates ........................................... 213
3.3 Abundance of genes related to N mineralization and nitrification ................... 214
4. Discussion ....................................................................................................................215
5. Conclusion ...................................................................................................................221
Acknowledgments............................................................................................................222
References ........................................................................................................................222
Tables and figures ............................................................................................................231

VII. SUMMARY AND CONCLUSIONS.......................................................................242

APPENDICES .................................................................................................................246
APPENDIX A. RIGHT AND PERMISSIONS ...................................................... 247
APPENDIX B. SUPPLEMENTARY MATERIAL AND STATISTICAL
ANALYSIS FOR CHAPTER II ............................................................................. 256
APPENDIX C. SUPPLEMENTARY MATERIAL AND STATISTICAL
ANALYSIS FOR CHAPTER III ............................................................................ 265
APPENDIX D. SUPPLEMENTARY MATERIAL AND STATISTICAL
ANALYSIS FOR CHAPTER IV ........................................................................... 282
APPENDIX E. SUPPLEMENTARY MATERIAL AND STATISTICAL
ANALYSIS FOR CHAPTER V ............................................................................. 285

xv
APPENDIX F. SUPPLEMENTARY MATERIAL AND STATISTICAL
ANALYSIS FOR CHAPTER VI ........................................................................... 296

CURRICULUM VITAE ..................................................................................................308

xvi
LIST OF TABLES
Table

Page
1-1. Selected enzymes involved in N mineralization in soil microorganisms ...................44
2-1. Net and gross nitrification rates in August 2011 and 2014. .......................................83
2-2. Ratios of AOA to AOB amoA copy numbers from May 2011 to Aug 2013
(mean values, n = 4, lowercase letters indicate significant difference among
treatments, p < 0.05). ..................................................................................................83
3-1. Kinetic parameters for nitrification potentials. Maximum rate (Vmax) and halfsaturation constant (Km) of total nitrification activity, octyne-sensitive (AOB)
nitrification activity, and octyne-resistant (AOA) nitrification activity in soils
sampled at 28d and 83d after fertilization in 2014. Maximum nitrification rates
and half-saturation constants were predicted by Michaelis-Menten model. (Mean
values, ± SE, n = 4) ...................................................................................................129
3-2. The relative contribution of AOA (octyne-resistant fraction) to total nitrification
potential (mean values (%), n = 4, lowercase letters indicate significant
difference among treatments, p < 0.05) within the sampling time. ..........................130
5-1. Soil N transformation rates and enzyme activities in Aug 2014 (Mean values,
n = 4, lowercase letters indicate significant differences among treatments,
p<0.05). .....................................................................................................................192
5-2. Alpha diversity of soil prokaryotic and fungal communities cross N treatments
(Mean values, n = 4, lowercase letters indicate significant differences among
treatments, p < 0.05). ................................................................................................193
6-1. Real-time PCR amplification conditions, efficiencies, calibration standard and
primers. .....................................................................................................................231
6-2. Soil chemical and biochemical properties under contrasting organic N
treatments (Mean values, n = 9, lowercase letters indicate significant differences
among treatments in a specific sampling time, p < 0.05). ........................................232
6-3. Pearson Correlation Coefficients between geochemical factors and soil
functions. Asterisks highlight significant P values (**p < 0.001, * p < 0.05)..........233

xvii
6-4. Pearson Correlation Coefficients between enzyme activities and corresponding
gene abundance. ........................................................................................................234
6-5. Pearson Correlation Coefficients between geochemical factors and the
abundance of functional genes. Asterisks highlight significant P values
(***p < 0.001,* p < 0.05). ........................................................................................235

xviii
LIST OF FIGURES
Figure

Page

1-1 Adapted from Norton (2011). A 16S ribosomal RNA guide tree for the clusters
of betaproteobacterial ammonia-oxidizing bacteria based on high quality
sequences ( > 1200 bp) from isolates. Scale is substitution per site. Strain
selection and cluster designations based on those of Purkhold et al. (2000) and
Kowalchuk and Stephen (2001)..................................................................................45
1-2 Adapted from Pester et al. (2012). Consensus tree illustrating the five major
clusters of archaeal amoA. ..........................................................................................46
2-1. Soil organic C (A), total N (B), soil pH (C), extractable ammonium (D), and
extractable nitrate (E) in August, and extractable nitrate (F) in May for four N
treatments (control (no N fertilization), ammonium sulfate (AS 100 & 200 kg N
ha-1), and compost (200 kg N ha-1)). Error bars represent standard errors (n = 4).
Different lowercases above the bars indicate a significant difference among
treatments in a specific year (p < 0.05), based on repeated measures ANOVA.........84
2-2. Nitrification potentials in August over four years. Nitrification potential rate
was measured by soil slurry assay supplemented with 1 mM NH4+. Error bars
represent standard errors (n = 4). Different letters above the bars indicate a
significant difference among treatments in a specific year (p < 0.05), based on
repeated measures ANOVA. ......................................................................................85
2-3. Recovery of nitrification potential (RNP) in Aug-2013 soil samples (A),
nitrification potential (NP) with and without 1-octyne in Aug-2013 (B), and in
May-2014 (C). Percentages above the bars indicates the relative contribution of
AOB to total RNP or NP. Different uppercase letters indicate a significant
difference in relative contribution of AOB among treatments (p < 0.05), based
on one-way ANOVA.
Error bars represent standard errors (n = 4). Different letters above the bars
indicate a significant difference in total NP or RNP among treatments (p < 0.05),
based on one-way ANOVA. .......................................................................................86
2-4. Effect of N treatment and 1-octyne on nitrification potential (A), and gross
nitrification rate (B) in soils sampled in August 2014. Nitrification potential
rate was measured by soil slurry assay supplemented with 1 mM NH4+. Gross

xix
15

nitrification rate was determined by using N pool dilution technique with soils
incubated at 25 °C for two days. Error bars represent standard errors (n = 4).
Different lowercases indicate a significant difference among treatments without
exposure to octyne (p < 0.05), based one-way ANOVA. Different uppercases
letters indicate a significant difference among treatments with soil samples
exposed to octyne (p < 0.05), based on one-way ANOVA. .......................................87
2-5. Abundance of AOA and AOB amoA gene copy numbers (log10 transformed)
across four N treatments. Error bars represent standard errors (n = 4). Different
letters above the bars indicate a significant difference among treatments in a
specific year (p < 0.05), based on repeated measures ANOVA. ................................88
2-6. A) Neighbor joining tree for representative AOB partial amoA OTUs
(representatives with relative abundance > 0.1%). OTUs from this study are
shown in bold. The scale bar represents 5% nucleic acid sequence divergence,
and bootstrap values ( > 50%) are showed at branch points. (B) The relative
abundance of partial AOB amoA OTUs (relative abundance > 0.1%) among
four N treatments in Aug-2011 and Aug-2013 soil samples. Error bars represent
standard errors (n = 4).................................................................................................89
2-7. A) Neighbor joining tree for AOA partial amoA OTU (representatives with
relative abundance > 0.1%). AOA amoA OTU representative sequences from
this study are shown in bold. The scale bar represents 5% nucleic acid sequence
divergence, and bootstrap values ( > 50%) are showed at branch points. B). The
relative abundance of partial AOA amoA OTUs (relative abundance > 0.1%)
among four N treatments in Aug-2011 and Aug-2013 soil samples Error bars
represent standard errors (n = 4). ................................................................................91
2-8. Principal coordinate analysis based on the abundance of all AOA and AOB
amoA gene OTUs (weighted UniFrac). For this analysis, The AOA and AOB
amoA OTUs were normalized to 359 and 219 reads per sample, respectively.
Shapes denote treatment (square = control, circle = AS100, up triangle = AS200,
star = Compost). Fill denote sampling time (open = 2011, solid = 2013). .................93
3-1. Soil KCl-extractable ammonium in 2014 (A) and 2015 (B), and KCl-extractable
nitrate in 2014 (C) and 2015 (D) across four N treatments (control (no N
fertilization), ammonium sulfate (AS, 100 & 200 kg N ha-1), and compost (200
kg N ha-1)). Error bars represent standard errors (n = 4). .........................................131

xx
3-2. Abundance of AOA and AOB amoA gene copy numbers (log10 transformed)
across four N treatments during the growing season in 2014 (A and C) and 2015
(B and D). Error bars represent standard errors (n = 4). A complete summary
of the repeated measurement ANOVA result is shown in Table C-1&C-2. ............132
3-3. Effect of NH4+ concentration on octyne-sensitive (AOB) nitrification (A),
ocytne-resistant (AOA) nitrification (B), total nitrification potential (C), and
octyne-resistant fraction of the nitrification potential (D) in soils sampled at
28 days after fertilization in 2014. The Michaelis-Menten model (lines) are fit
to the nitrification rate data. Points represent means of four replicates. Error bars
represent standard errors (n = 4). ..............................................................................133
3-4. Temperature response of octyne-sensitive (AOB) nitrification potential, ocytneresistant (AOA) nitrification potential (a). Points represent means of four
treatments. Lines (solid for AOB, dashed for AOA) were predicted by
generalized Poisson density equation. Changes of octyne-resistant fraction
of the nitrification potential with temperature (b). Error bars represent standard
errors (n = 4) .............................................................................................................134
3-5. Effect of N treatment and sampling time on octyne-sensitive (AOB)
nitrification potential, ocytne-resistant (AOA) nitrification potential, and total
nitrification potential during the growing season. (A) 2014 and (B) 2015.
Octyne-resistant nitrification rate are the shaded bottom bar, octyne-sensitive
nitrification rates are the lighter top portion of the bar. Error bars represent
standard errors (n = 4). A complete summary of the repeated measurement
ANOVA result is shown in Supplementary Table C-5 &C-6. .................................135
3-6. Effect of N treatment and sampling time on octyne-sensitive (AOB) net
nitrification, ocytne-resistant (AOA) net nitrification, and total net nitrification
during the growing season in 2015. Octyne-sensitive net nitrification rates are
shown in a light shade, and octyne-resistant net nitrification rate are shown in a
darker shade. Error bars represent standard errors (n = 4). A complete summary
of the repeated measurement ANOVA result is shown in Supplementary
Table C-7. .................................................................................................................136
3-7. Effect of N treatment and depth on octyne-sensitive (AOB) nitrification
potential (A), ocytne-resistant (AOA) nitrification potential (B), total
nitrification potential (C), and octyne-resistant fraction of the nitrification
potential (D) in soils sampled at 154 days after fertilization in 2014. Error bars

xxi
represent standard deviations (n = 4). A complete summary of the repeated
measurement ANOVA result is shown in Table C-8. ..............................................137
3-8. Effect of NH4+ concentration on octyne-sensitive nitrification (AOB) and
ocytne-resistant nitrification (AOA) described by the Michaelis-Menten
model across four N treatments: control (A), AS100 (B), AS200 (C), and
compost (D) in soils sampled at 28 days after fertilization in 2014. Vmax and
Km of AOB nitrification are used from Table 2 for each treatment. Vmax and
Km of AOA nitrification averaged 0.24 mmol N kg-1 d-1 and 4.28 µM NH4+. .........138
4-1. Relative abundance of nitrifying populations based on differences in 16S rRNA
genes for four N treatments (control (no N fertilization), ammonium sulfate
(AS 100 & 200 kg N ha-1), and compost (200 kg N ha-1)). Error bars represent
standard errors (n = 4). Different letters above the bars indicate a significant
different in total nitrifying populations in 2014. Abbreviation: AOA- ammonia
oxidizing archaea, AOB- ammonia oxidizing bacteria, NOB- nitrite oxidizing
bacteria. .....................................................................................................................158
4-2. The relative abundance of partial 16S rRNA OTUs of nitrifying populations
(relative abundance > 0.1%) among four N treatments in Aug-2011 (A) and
Jun-2014 (B) soil samples. Error bars represent standard errors (n = 4).
Different lowercases above the bars indicate a significant difference among
treatments in a specific year (p < 0.05), based on two-way ANOVA. .....................159
4-3. Principal coordinate analysis based on the abundance of 16S rRNA gene
OTUs of all nitrifying populations. Shapes denote treatment (square = Control,
circle = AS100, up triangle = AS200, star = Compost). Fill denote sampling
time (open = 2011, solid = 2014). ............................................................................160
4-4. Nitrite oxidation potentials in 2015 over four months (A). N treatment were
applied on Jun 1 2016. Nitrite oxidation potential was measured by soil slurry
assay supplemented with 0.15 mM NO2-. Error bars represent standard errors
(n=4). Different letters above the bars indicate a significant difference among
treatments in a specific sampling time (p < 0.05), based on repeated measures
ANOVA. (B) Abundance of Nitrospira nxrB gene copy numbers (log10
transformed) across four N treatments. Error bars represent standard errors (n =
4). ..............................................................................................................................161
4-5. Neighbor joining tree for representative NOB 16S rRNA gene OTUs (A) and
Nitrospira nxrB gene OUT (B). OTUs from this study are shown in bold.

xxii
The scale bar represents nucleic acid sequence divergence, and bootstrap values
( > 50%) are showed at branch points. .....................................................................162
5-1. Soil enzyme activities across four N treatments. Error bars represent standard
errors (n = 4). Different letters above the bars indicate a significant difference
among treatments in a specific month (p < 0.05), based on repeated measures
ANOVA. ...................................................................................................................194
5-2. Abundance of genes encoding subtilisin (sub), neutral metalloprotease (npr),
chitinase (chiA), and urease (ureC) across four N treatments in 2014. ....................195
5-3. Abundance of ureC.gene copy numbers (log10 transformed) across four N
treatment from soils sampled in August of 2011 to 2014. ........................................196
5-4. Relative abundance of the dominant phyla ( > 1%) for prokaryotic (A) and
fungal (B) communities. The category “other” indicates the combined relative
abundance of rare phyla. ...........................................................................................197
5-5. Heatmap of treatment effect sizes of the relative abundances of dominant
taxonomic group ( > 1%) in the prokaryotic community for soil sampled in
Jun 2014. Treatment effect size of the relative abundance of dominant
taxonomic group was calculated as (N treatment - control) / control.......................198
5-6. Principal coordinate analysis based on the Weighted UniFrac distance of
prokaryotic community (A) and the Bray-Curtis distance of fungal community
(B). Shapes denote treatment (square = Control, circle = AS100, up triangle =
AS200, star = Compost). Fill denote sampling time (open = 2011, solid =
2014). ........................................................................................................................199
6-1. Conceptual model for this study. Three objectives: 1) to examine the effect of
organic N management on geochemical factors, microbial function, and
functional genes, 2) to differentiate the relative contribution of ammonia
oxidizing bacteria and archaea to nitrification potential, 3) to evaluate the
regulation of geochemical factors and the abundance of functional gene on soil
enzyme activities. .....................................................................................................236
6-2. Soil enzyme activities for three N treatments (control, compost, manure).
Error bars represent standard error (n = 9). Different lowercase letters above
bars indicate a significant difference among N treatments in a specific sampling
time (p < 0.05). .........................................................................................................237

xxiii
6-3. Soil N transformation rates for three N treatments (control, compost, manure).
Error bars represent standard error (n = 9). Different lowercase letters above
bars indicate a significant difference among N treatments in a specific sampling
time (p < 0.05). .........................................................................................................238
6-4. Soil functional gene abundances for three N treatments (control, compost,
manure). Error bars represent standard error (n = 9). Different lowercase letters
above bars indicate a significant difference among N treatments in a specific
sampling time (p < 0.05)...........................................................................................239
6-5. Principal component analysis for: A) soil functions (soil enzyme activities
and soil N transformation rates), B) Soil functional gene abundances. Shapes
denote N treatment (square = control, circle = compost, star = manure). Color
denote sampling time (black = Oct 2014, red = Jul 2015, blue = Oct 2015)............240
6-6. Canonical correspondence analysis for: A) soil functions (soil enzyme activities
and soil N transformation rates), B) soil functional gene abundances. Selected
geochemical factors was generated using a forward selection procedure. Shapes
denote N treatment (square = control, circle = compost, star = manure). Color
denote sampling time (black = Oct 2014, red = Jul 2015, blue = Oct 2015)............241

CHAPTER I
INTRODUCTION AND LITERATURE REVIEW

1. Introduction

Human input of chemical nitrogen (N) fertilizers to agricultural systems has
increased more than 10 fold in the past 50 years to increase the yield of crops and prevent
food shortage for a growing human population (Robertson and Vitousek, 2009).
However, excessive and repeated use of chemical N fertilizers may result in water and air
pollution, soil degradation including reductions in soil organic matter and soil pH
(Geisseler and Scow, 2014), and increases in nitrate leaching and reactive N gas
production (Fowler et al., 2013; Robertson and Vitousek, 2009). Therefore, avoiding the
combination of high external N inputs with low N use efficiency remains a major concern
for the sustainability of agro-ecosystems (Spiertz, 2010; Tilman et al., 2002). Application
of organic N fertilizers such as compost and manure is one effective strategy to improve
soil quality and functionality (Diacono and Montemurro, 2010; Edmeades, 2003) while
maintaining N supply. Comparisons of the N cycle under organic production methods to
conventional management with mineral fertilizers have consistently shown changes in N
process rates and microbial communities (Burger and Jackson, 2003; Chu et al., 2007;
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Geisseler and Scow, 2014; Habteselassie et al., 2006; Habteselassie et al., 2013; Reeve et
al., 2010; Shi and Norton, 2000).
Nitrogen mineralization converts large and complex organic N compounds to
simple N monomers or ammonium. Ammonium can be rapidly oxidized to nitrite and
subsequently to nitrate by nitrification. Nitrate is more mobile than ammonium due to its
negative charge, and it is easily lost through leaching and denitrification (Norton, 2008;
Prosser, 1989). As a result, N mineralization and nitrification are key N-transformations
that largely determine the availability and mobility N in soils.
One important process in N mineralization is depolymerization, which breaks
down the large N-containing polymers to monomers such as amino acids and amino
sugars (Schimel and Bennett, 2004). The further step is to cleave those monomers to
ammonium (ammonification). These steps are carried out by primarily microbial-derived
extracellular enzymes. Most previous studies have focused on the environmental factors
and agricultural management practices influencing the enzymatic activities involved in N
mineralization (Álvaro-Fuentes et al., 2013; Bandick and Dick, 1999; Bowles et al.,
2014; Burns et al., 2013; Ge et al., 2010). However, specific enzyme activities (such as
protease and urease activity) do not identify the microbial species directly involved in the
measured process, leaving the link between the composition of the microbial community
and the production of key enzymes poorly understood. Assessment of selected genes
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encoding key enzymatic functions may help us further understand the dynamic ecology
of the microbial community involved in soil N mineralization (Fuka et al., 2008a; Koper
et al., 2004; Nannipieri et al., 2012; Phillips et al., 2015).
Nitrification is the biological conversion of reduced N generally in the form of
ammonia (NH3) or ammonium (NH4+) to oxidized N in the form of nitrite (NO2-) or
nitrate (NO3-). In the majority of agricultural soils, NH4+ is rapidly converted to NO3-,
which may accumulate in the soil solution to high concentrations (Norton, 2008).
Autotrophic nitrification has generally thought to be a two-step process: ammonia
oxidation to nitrite by ammonia oxidizing bacteria (AOB) and ammonia oxidizing
archaea (AOA), and nitrite oxidation to nitrate by nitrite oxidizing bacteria (NOB),
although recent evidence uncovered that some Nitrospira, a diverse and widespread
known NOB, are able to convert ammonia to nitrate directly (Daims et al., 2015; van
Kessel et al., 2015). AOB and AOA have developed distinct ammonia oxidation
pathways (Könneke et al., 2014; Kozlowski et al., 2016; Sayavedra-Soto and Arp, 2011),
and physiological responses to substrate availability (Martens-Habbena et al., 2009;
Prosser and Nicol, 2012; Qin et al., 2014). AOB and AOA co-exist in most soils and
these distinct physiologies may affect the relative contribution of AOA and AOB to
nitrification activity in the environment. Previous studies suggest that AOB dominantly
contribute to nitrification in agricultural soils with high ammonium inputs, while AOA
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were dominant in soils with low ammonium concentrations (Jia and Conrad, 2009; Offre
et al., 2009; Ouyang et al., 2016; Taylor et al., 2013; Taylor et al., 2010; Xia et al., 2011;
Zhang et al., 2010). However, we still have limited information about how nitrifying
population and community respond to mineral and organic fertilization temporally in the
field, and what controls their relative contributions to nitrification activity. Understanding
the link between microbial communities and biogeochemical functions such as
nitrification and N mineralization may allow ecosystem models to incorporate microbial
communities as dynamic components driving N flux, and may further contribute to
improving strategies for N management to match soil N supply with plant demand in
agricultural soils.

2. Literature review

Organic nitrogen in soils derives from the remains of plants, animals and
microorganisms. Nitrogen in containing organic matter includes a broad range of
proteins, microbial cell wall constituents (peptidoglycan, and chitin), nucleic acids, and
other heterocyclic and phenolic N compounds (Norton and Schimel, 2011; Tabatabai et
al., 2010). Organic N is converted to inorganic N as either ammonium (NH4+) or
nitrite/nitrate (NO2- or NO3-) by mineralization. Reduced N (NH3/ NH4+ or organic N) is
oxidized to NO2- or NO3- by nitrification. Mineralization and nitrification are key
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processes in the soil N cycle, since they mediate plant uptake, nitrate leaching and trace
gas emissions (Norton, 2008; Norton and Stark, 2011).

2.1 Nitrogen mineralization

Early researchers thought the conversion of organic N to inorganic N as the center
point in N mineralization (Jansson, 1958) and that the plants could only take up inorganic
nutrients (Liebig and Playfair, 1847). With studies showing that plants use amino acids
and other small organic N compounds in a variety of ecosystems ranging from Arctic
tundra and boreal to wetland and desert (Chapin, 1995), researchers began to view the
depolymerization of N-containing compounds as an additional control point in N
mineralization (Schimel and Bennett, 2004). The assimilation of small organic N by
plants may be important in some ecosystems where N supplies are limited, but is not
usually significant if ammonium and nitrate are easily available as typifies many
agricultural systems (Oaks, 1992).
Nitrogen mineralization may be characterized by its net, potential, and gross
mineralization rates (Norton and Schimel, 2011). The net mineralization rate is the rate of
inorganic N accumulation, and in another word, is the rate of conversion of organic N to
inorganic N minus consumption. Net mineralization is positive on the condition that
gross rates of mineralization are higher than rates of combined consumptive processes
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(i.e immobilization plus losses). Net rates of mineralization are determined from the
change in soil inorganic-N pool size over time (Hart et al., 1994). The potential
mineralization rate is the net rate of mineralization in the absence of plant uptake and
leaching. The laboratory methods for net and potential mineralization rates are based on a
basic premise, the amount of accumulated inorganic N are determined during a specified
time period under a defined temperature and moisture regime (Norton and Schimel,
2011). Net mineralization is widely used as an index of N availability in soils, as it is easy
to measure (Schimel and Bennett, 2004). However, net mineralization neglects the
potential role of inorganic N assimilation by microorganisms and denitrification, and the
turnover and uptake of simple organic compounds by both plants and microorganisms
(Norton and Schimel, 2011; Schimel and Bennett, 2004).
The gross mineralization rate is the actual rate of conversion of organic N to
ammonium or ammonia and is equivalent to the sum of rates of NH4+ accumulation and
consumption. Determining gross mineralization rates requires the use of the stable
isotopes of 15N to separate NH4+ production and consumption occurring simultaneously.
Tracer and isotope dilution methods are the two commonly used approaches to measure
gross N mineralization (Hart et al., 1994; Norton and Schimel, 2011; Zaman et al.,
1999b). In the tracer method, 15N labeled organic substrate is added to the source pool.
The fate of the added 15N is measured after a period of time. Based on the initial isotopic
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proportion of the substrate pool and the amount of 15N that ends up in the NH4+-N pool,
the rate of flow of total N (14N + 15N) into the NH4+-N pool is calculated. In the isotope
dilution method, 15NH4+ is added to product pool (NH4+-N) rather than to the substrate.
The soils are incubated for few days or less and then total (14NH4+ + 15NH4+) and 15NH4+
are measured in KCl extracts. The gross N mineralization rate is calculated from the rate
of dilution in 15N enrichment of the NH4+ pool as organic 14N is mineralized to 14NH4+
and from the change in total NH4+ pool size using the Kirkham and Bartholomew
equation (Hart et al., 1994; Stark, 2000) or similar models (Andersen and Jensen, 2001).

2.2 Enzymes involved in N mineralization

Depolymerization breaks down the large N-containing polymers to monomers
such as amino acids and amino sugars, which is often thought to be a rate-limiting in
mineralization (Jones et al., 2009; Kemmitt et al., 2008; Wallenstein and Weintraub,
2008). The next step is to cleave ammonium from those monomers. These steps are
carried out by primarily microbial-derived extracellular enzymes (Burns et al., 2013;
Ladd and Jackson, 1982). Extracellular enzymes degrade the size and complexity of highmolecular weight organic N compounds such as protein, cell wall polymers, and nucleic
acids (Myrold and Bottomley, 2008). Some important enzymes involved in N
mineralization and their reactions are summarized in Table 1-1.
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Proteins and polypeptides comprise 30-40% of total organic N in soils (Jones and
Kielland, 2012). Microorganisms and plants produce abundant and various proteases to
degrade proteins and polypeptides. Key soil microbial proteases include serine
endopeptidases (EC 3.4.21) and metalloendopeptidases (EC 3.4.24) (Vranova et al.,
2013). Two important serine endopeptidases are trypsin and subtilisin: trypsin is a
specific enzyme that cleaves peptides at lysine and arginine residues, and subtilisin is an
enzyme with broad specificity for peptide bonds that hydrolyzes a number of peptide
amides. Most metalloproteases need Zn, but some require cobalt in catalysis. Most soil
bacteria express proteolytic activities, including those from genera such as Bacillus,
Pseudomonas, and Streptomyces. Fungi (i.e. Pythium, Aspergillus, Penicillium) also
produce many proteolytic enzymes that may be particularly important for N availability
under low nitrogen availability (Kudryavtseva et al., 2008).
The release of N from non-peptide C-N bonds is mediated by amidohydrolases
and amidinohydrolases. Amidohydrolases include asparaginase, glutaminase, urease, and
amidases. These enzymes are important during the depolymerization of aliphatic and
aromatic N compounds in soil organic matter (Monreal and Bergstrom, 2000). The
activity of urease in soil has been widely studied because urea is a major N fertilizer
(Glibert et al., 2006) and because grazing animals and animal waste application deposit
urea (Saggar et al. 2004). Peptidoglycan hydrolase acts on the link between N-
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acetylmuramoyl residues and amino acid residues in cell wall glycopeptides, thus playing
a central role in the decomposition and turnover of microbial biomass nitrogen (Tabatabai
et al., 2010). The arginine ammonification potential has been used as a general indicator
of the size of the soil microbial biomass and an index for gross mineralization (Alef and
Kleiner, 1986; Bonde et al., 2001; Fuller and Scowl, 1996).
The polymers of amino sugars that are important components of bacterial and
fungal cell walls are hydrolyzed by glycosidases. N-Acetyl-β-D-glucosaminidase
(NAGase) is the enzyme that catalyzes the hydrolysis of N-acetyl-β-D-glucosamine
residue from the terminal nonreducing ends of chitooligosaccharides. NAGase is also
involved in chitin degradation in soils (Tabatabai et al., 2010). Chitinase acts upon chitin
and chitodextrins, major compounds in fungi, exoskeleton of insects, and crustaceans
(Alef and Nannipieri, 1995).

2.3 The relationship between enzyme activity and N mineralization

N mineralization in soils is primarily mediated by biochemical processes
indicated by enzyme activities (Deng et al., 2000). The substrates for microbial N
mineralization include protein, polypeptides, chitin and nucleic acids. As we have
discussed above, a variety of extracellular enzymes are involved in N mineralization in
soils. Different enzymes use different N containing substrates. Quantitative information
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regarding which extracellular enzymes activity most accurately reflect N mineralization
may help us further understand the function of enzymes in soils.
Proteases are involved in hydrolyzing proteins and peptides. Some researchers
proposed that the desirable way to measure N depolymerization is to assay protease
activity, as protease is the most responsible for supplying bioavailable N (Paul, 1996;
Schimel and Bennett, 2004). Zaman and colleagues (1999b) investigated the relationship
between gross N mineralization rate and protease activity in soils treated with dairy shed
effluent and NH4CL fertilizer at three water potential (0, -10, -80 KPa). Results showed
that protease activity was positively correlated with gross N mineralization rate in soils
treated with dairy shed effluent, but there was no significant correlation in soils treated
with NH4Cl fertilizer.
Amidohydrolases include L-asparaginase, L-glutamindase, amidase, and urease.
Tabatabai et al. (2010) explored the relationships between the N mineralization and the
activities of amidohydrolases. They found that the activities of L-asparaginase, urease, Lglutaminase, and amidase were significantly correlated with the cumulative amounts of N
mineralized at 30 °C. The r values of those relationships ranged from 0.35 (p < 0.05) for
L-glutaminase to 0.61 (p < 0.001) for L-asparaginase. Muruganandam and colleagues
(2009) also reported the activities of L-glutaminase and L-asparaginase were significantly
correlated with potential N mineralization with the r = 0.85 (p < 0.0001) and r = 0.65 (p <
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0.005), respectively. Those two enzyme activities were significantly correlated with each
other (r = 0.82 (p < 0.0001)). Other studies have found significant correlation between
asparaginase, glutamindase, amidase, and urease acitivities with N mineralization (Burket
and Dick, 1998; Burton and McGill, 1992; Khorsandi and Nourbakhsh, 2007; Xue et al.,
2006; Zaman et al., 1999a). The arylamidase catalyzes the release of an N-terminal amino
acid from peptides, amides, or arylamides (Senwo and Tabatabai, 1996). Tabatabai et al
(2010) and Muruganandam and colleagues (2009) also shown arylamidase activities were
significantly correlated with N mineralization. The correlation coefficient (r values) were
0.61 (p < 0.001) and 0.77 (p < 0.005), respectively. These results suggest that
amidohydrolase and arylamidase activities can be used indexes of N mineralization.
Bonde and colleagues (2001) also proposed that arginine ammonification activity
provided an index of gross N mineralization in agricultural soils, as this enzyme activity
was well correlated with the average rates of gross N mineralization and there is
similarity between the seasonal variations of gross N mineralization and arginine
ammonification activities.
Glycosidases, by hydrolyzing organic N and C compounds in soils, provide
essential carbon skeletons and nutrient for the growth of soil heterotrophs and facilitate
soil organic matter mineralization. Tian et al. (2010) evaluated the relationships between
net mineralization rate and the activities of β-glucosidase, β-glucosaminidase, phenol

12
oxidase, and peroxidase in agricultural soils. They found that only peroxidase activity
was associated significantly with soil N mineralization. Tabatabai et al. (2010) also
reported that the activities of β-glucosidase and β-galactosidases were significantly
correlated with N mineralization, with r values of 0.80 and 0.58 (p < 0.001), respectively.
More importantly, this research showed the most significantly correlation between the
activity of NAGase and the cumulative amount of N mineralized both as 20 °C and 30
°C, with high r values of 0.87 and 0.95 (p < 0.001), respectively. Several other studies
also found relatively strong correlation coefficients between NAGase and N
mineralization (Ekenler and Tabatabai, 2002, 2004; Muruganandam et al., 2009),
suggesting that NAGase activity may be used as an index of mineralizable N in soils.

2.4 Genes encoding mineralization enzymes in soil

Specific enzyme activities (such as protease, NAGase, and urease activity) do not
identify the microbial species directly involved in the measured process, leaving the link
between the composition of the microbial community and the production of key enzymes
poorly understood (Colloff et al., 2008; Nannipieri et al., 2002; Wallenstein and
Weintraub, 2008). Recent progress in detecting extracellular peptidase-encoding genes
and characterizing the diversity of the urease-encoding genes in soil bacteria has
supported that molecular methods targeting some of the key enzymes may help us further
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understand the microbial community active in soil N mineralization (Fuka et al., 2008a;
Koper et al., 2004).
Different proteolytic genes have been identified in soil, including serine
peptidases (sub), alkaline metallopeptidases (apr) and neutral metallopeptidase (npr)
(Bach et al., 2001). Sakurai et al. (2007) found that the composition of apr- and nprexpressing bacterial communities was the most important in determining overall soil
protease activity. Recent progress on sub and npr genes in agricultural soils demonstrates
that those genes were diverse and spatially variable in soil (Fuka et al., 2008b; Mrkonjic
Fuka et al., 2009). Studies also suggest that sub, apr and npr gene abundances are often
correlated with potential protease activity (Brankatschk et al., 2011; Fuka et al., 2008a).
Urea hydrolysis is catalyzed by the urease enzyme that is produced by a wide
range of bacteria, fungi and plants (Tabatai et al., 2010). Urease-encoding genes (ureC)
are presented in many soil AOA and AOB (Koper et al., 2004; Lu et al., 2012; Lu and
Jia, 2013). Microarray-based metagenomics studies showed that ureC gene was broadly
distributed in different soils, and it significantly correlated with other N-cycling genes,
like gdh (gene encoding glutamate dehydrogenase) and amoA (Yang et al., 2014; Yang et
al., 2013). However, there is limited data on the diversity of ureC genes in soil
communities (Singh et al., 2009).
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2.5 Nitrification

Nitrification is the biological oxidation of reduced N to nitrite or nitrate. When the
organisms involved gain metabolic energy from N oxidation and fix inorganic carbon the
process is chemolithoautotrophic often termed autotrophic nitrification.
Chemoorganotrophic organisms oxidizing N to nitrite or nitrate are performing what is
known as heterotrophic nitrification and typically the organisms are not obligate
nitrifiers. Chemolithotrophic nitrification is a two-step process, carried out by the
ammonia and nitrite oxidizers, respectively (Paul, 2006). Ammonia oxidizers convert
ammonia to hydroxylamine via ammonia monooxygenase (AMO), and hydroxylamine is
further converted to nitrite by hydroxylamine oxidorereductase (HAO) in AOB, and by a
unknown enzyme complex in AOA (Vajrala et al., 2013). Nitrite oxidizers mediate
oxidation of nitrite to nitrate, which is catalyzed by the enzyme nitrite oxidoreductase
(NXR). Heterotrophic nitrification has been observed primarily in acid environments, and
it is considered to be significant in some forest soils (Islam et al., 2007; Killham, 1990)
although its importance in soils may be underestimated Stein et al. (2011).
Similar to N mineralization rate, the term nitrification rate includes three distinct
experimentally defined meanings: net, potential, and gross nitrification rates (Norton and
Stark, 2011). In laboratory experiments, net nitrification rates are determined by
undergoing aerobic incubation experiments where soil samples are put in beakers or
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plastic cups that allow gaseous exchange but minimize loss of water and incubated for a
certain period of time under optimum temperature in the dark (Hart et al., 1994). Nitrate
concentration is determined by extracting the soil samples with salt solution (2 M KCl)
before and after incubation. Net nitrification rate is then calculated by subtracting initial
nitrate concentration from the final. Nitrification potential is the maximum possible
nitrification rate under non-limiting conditions (Norton and Stark, 2011). A laboratory
assay that is widely used to measure nitrification potential is the soil slurry method.
Under this method, a sieved soil sample is shaken in a dilute ammonium sulfate solution
and nitrite + nitrate accumulation is measured over a relatively short period of time
(usually < 24 hrs). The slope of the graph of nitrate concentration versus time represents
the potential nitrification rate.
Gross nitrification rate measurement involves use of 15N isotope (Norton and
Stark, 2011). In tracer technique, 15NH4+ is added to the soil and isotopic composition of
NO3--N pool is measured after a period of time. Based on the initial isotopic composition
of the NH4+ pool and the amount of 15N that ends up in the NO3- pool, the rate of flow of
total N (14N + 15N) into the NO3- pool is calculated using analytical equations. The tracer
technique has known limitations: 1) substrate additions may stimulate the rate and 2)
nitrate consumption occurring simultaneously with nitrification causes underestimates of
rate. In contrast, the isotope dilution method measures gross nitrification rates by the
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addition of 15NO3- to the product pool and incubates for a few days or less (Hart et al.,
1994; Norton and Stark, 2011). The total (14NO3- + 15NO3-) and 15NO3- are then measured
in KCl extracts of soil. The gross nitrification rate is calculated from the change in the15N
enrichment of the NO3- pool by dilution and from the change in the total nitrate pool size.

2.6 Soil nitrifying community

Nitrification, the biological oxidation of ammonia to nitrite and subsequently to
nitrate, plays a crucial role in the global biogeochemical N cycle (Prosser, 1989).
Autotrophic nitrification has generally thought to be a two-step process: ammonia
oxidation to nitrite by AOA and AOB, and nitrite oxidation to nitrate by NOB. However,
recent evidence surprisingly uncovers that some Nitrospira, a diverse and widespread
known NOB, are able to convert ammonia to nitrate directly (Daims et al., 2015; van
Kessel et al., 2015). For about a century, it has been thought that ammonia oxidation was
mainly driven by AOB. However, in 2005, several studies discovered that archaea
contained the genes suggesting that they might also oxidize ammonia to nitrite (Francis et
al., 2005; Konneke et al., 2005; Schleper et al., 2005). An ammonia oxidizing archaea
was then isolated from a marine ecosystem (Konneke et al., 2005). Leininger et al. (2006)
first evaluated the potential ecological influence of AOA in several terrestrial soils by
using a variety of metagenomic methods, and revealed that AOA were quantitatively
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dominant among ammonia oxidizers. Several subsequent studies confirmed the numerical
dominance of archaeal ammonia oxidizers over bacterial ammonia oxidizers in a number
of terrestrial environments (He et al., 2007; Prosser and Nicol, 2008; Shen et al., 2008;
Zhang et al., 2012). These new findings have attracted intense research attention in
assessing the ecological importance of AOA, AOB and NOB in different ecosystems.
The terrestrial AOB are generally restricted to two genera: Nitrosomonas and
Nitrosospira of the β-proteobacteria (Fig. 1-1). The previous genera Nitrosovibrio and
Nitrosolobus have been superseded by Nitrosospira (Head et al., 1998). Nitrosospira
species are widely predominant in soils under widely different management systems
(Boyle-Yarwood et al., 2008; Bruns et al., 1999; Habteselassie et al., 2013; Shen et al.,
2012). Nitrosomonas species are generally distributed in distinct environments (Koops
and Pommerening-Roser, 2001). Crucial environmental characteristics determining the
AOB diversity include salinity, ammonia concentration, and pH (Norton, 2011).
The archaeal ammonia oxidizers belong to the newly define phylum,
Thaumarchaeota (Pester et al., 2011). Most studies on the diversity of AOA have used
amoA as a functional marker for the group. Based on a comprehensive analysis of
archaeal amoA in major current sequence databases (NCBI, IMG/M, CAMERA), Pester
et al. (2012) suggested five archaeal amoA monophyletic clusters: Nitrosopumilis cluster
(including 1.1a AOA), Nitrososphaera cluster (including 1.1b AOA), Nitrosotalea
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cluster, Nitrosocaldus cluster, and Nitrososphaera sister cluster (Fig. 1-2). Most soil
archaeal amoA sequences are affiliated to the Nitrososphaera cluster.
The NOB belongs to six genera: Nitrobacter, Nitrospira, Nitrococcus, Nitrotoga,
Nitrolancetus, and Nitropina. The genus Nitrobacter and Nitrospira are considered as the
two main players in soils. The genus Nitrospira belongs to the phylum Nitrospirae and
consists of more than six lineages (Pester et al., 2014).

2.7 Inorganic and organic N fertilization effects on ammonia oxidizers

There is evidence that inorganic and organic fertilizer have contrasting impacts on
the AOA and AOB (Habteselassie et al., 2013; Hai et al., 2009). The application of
mineral fertilizers or urea enhanced AOB growth but AOA were less affected. Wang et
al. (2012) treated rice paddy soil with different amount of urea-N and found that the
structure of AOB community responded strongly to the treatments, while the AOA
structure remained stable. Other studies also observed that mineral fertilizer amendment
changed the abundance and composition of AOB, but had no significant influence on
AOA community in acidic, neutral and alkaline soils (Chen et al., 2011; Wang et al.,
2009; Wu et al., 2011). Researchers proposed several assumptions to explain this result.
One possible explanation is that AOB have an advantage over AOA to oxidize inorganic
fertilizer. Based on quantitative PCR, DGGE, and DNA-stable isotope probing, the shift
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of bacterial but not archaeal amoA genes and CO2 assimilation correlated with
nitrification activity upon fertilization with NH4HCO3 (Jia and Conrad, 2009). Another
explanation is that archaeal growth in inorganic fertilized soils largely depends upon
heterotrophic or mixotrophic catabolism (Levicnik-Hoefferle et al., 2012).
Even though AOB dominated activity was measured with ammonia originating
from inorganic fertilizer, AOA activity was detected when ammonia was supplied as
mineralized organic N derived from composted manure or soil organic matter (Schleper,
2010). AOA were influenced more by exudation from rice root than AOB and less
affected by addition of inorganic fertilizers (Chen et al., 2008). Another study proposed
that ammonia from mineralization of organic fertilizers might be the major substrate
source for AOA growth in a forest soil (Szukics et al., 2010). Similar observations that
organic nitrogen addition strongly stimulated AOA abundance were detected in an acidic
soil (Levicnik-Hoefferle et al., 2012). There should be no functional difference between
inorganic fertilizer ammonia and ammonia mineralized from organic fertilizer. It is
unclear why AOA showed stronger activity than AOB when N sources for nitrification
were from organic matter. Valentine (2007) suggested that archaea could be better
adapted to chronic energy stress than bacteria. The flux of ammonia substrate from
mineralization of organic matter is generally very low. AOB may not compete effectively
with AOA under these low ammonia environments. Levicnik-Hoefferle (2012) proposed
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that AOA might have a mutualistic relationship with mineralizers, which may directly
transport ammonia to AOA for rapid oxidation. Therefore, positional availability may
have an important role in competition among ammonia oxidizers.

2.8 Environmental factors controlling the distribution of AOA and AOB

Environmental factors controlling the distribution and abundance of soil AOA and
AOB have been studied using a variety of molecular or biochemical approaches in recent
decades. The main environmental factors examined include pH, ammonium substrate
availability, soil moisture regime, and temperature. The community structure of soil AOB
and AOA has been observed to shift in response to pH (Fierer et al., 2009; He et al.,
2012; Nicol et al., 2008). Many studies observed that AOA outnumbered AOB, and AOA
hold a wider tolerance to pH range over AOB. Shen and colleagues (2008) revealed that
AOB abundance had significant correlations with soil pH ranging from 8.3 to 8.7, while
pH change did not alter the abundance of AOA. Several studies have shown that AOB,
compared with AOA, may be more actively involved in the nitrification in neutral and
alkaline soils (Shen et al., 2011; Xia et al., 2011). Another study even found that AOB
played a more important role in ammonia oxidation than AOA in pH neutral New
Zealand grassland soils (Di et al., 2010).
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Ammonia substrate availability is one likely factor determining the differential
growth and ecological niches of AOA and AOB (Allison and Prosser, 1991; De Boer and
Kowalchuk, 2001; Jiang and Bakken, 1999; Martens-Habbena et al., 2009; Tourna et al.,
2011). Generally, AOA seem to dominate ammonia oxidation in soil under low nitrogen
availability (< 1.22 µM NH4+), whereas AOB become more competitive at higher
nitrogen concentration ( from 6.73-323 µM NH4+ ) (Bollmann et al., 2005; de la Torre et
al., 2008; Hatzenpichler et al., 2008; Jiang and Bakken, 1999; Koops and PommereningRoser, 2001; Martens-Habbena et al., 2009; Park et al., 2010; Suwa et al., 1994; Tourna
et al., 2011). A preference of AOA for low N substrate concentrations is consistent with
the physiological characterization of the marine AOA Nitrosopumilus maritimus, which
has a substrate threshold for total ammonium less than 10 nM and thus outcompetes
known AOB under low ammonia concentrations (Martens-Habbena et al., 2009).
Furthermore, Nitrososphaera viennensis, an ammonia oxidizing archaeon from soil, has
been shown to be grown at relative higher ammonium concentration (15 mM, equivalent
to 356 µM ammonia), but its growth is inhibited at a concentration of 20 mM ammonium.
He et al. (2012) summarized that inhibitory ammonia concentrations (0.89-356 µM) in all
the currently available cultures or enrichments of AOA from marine and terrestrial
ecosystems are significantly lower than the substrate threshold of cultured AOB (39440000 µM).
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Water availability is a major limiting factor in arid, semi-arid, and Mediterranean
regions, but most surface soils will experience seasonal fluctuations in moisture content.
Several studies have also explored the effects of drying and rewetting on microbial
nitrification (Avrahami and Bohannan, 2007; Gleeson et al., 2008; Stark and Firestone,
1995), and some found that ammonia oxidizers were sensitive to water availability (Stark
and Firestone, 1995). Placella and Firestone (2013) found that wetting of dry soils
increased both AOB and AOA amoA transcripts, but had no effect on ammonia oxidizers
growth in 3 days, and AOA responded slightly later but longer than AOB. Gleeson and
colleagues (2010) revealed that different filled pore space WFPS altered the community
structure of both AOA and AOB. Bustanante and colleagues (2012) also found that
communities of AOB had similar structure and abundance despite water treatment, but
AOA communities showed substantial changes in both community structure and
abundance. These results indicated that both groups of ammonia oxidizers may have
distinct ecological niches and physiological responses to changes in water availability.
The mechanisms by which water availability affects nitrifiers have been described by
Stark (1995).
Temperature, as an environmental factor, may influence the activity and
composition of soil ammonia oxidizers directly or indirectly by changing soil
characteristics such as soil moisture, pH and the availability of ammonium (He et al.,
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2007). Avrhami et al. (2003) found that the activity of soil ammonia oxidizers was higher
between 10 °C and 25 °C than at either 4 °C or 30-37 °C, amoA based sequence analysis
showed that Nitrosospira cluster 1 were dominant at low temperatures (4-10 °C). Another
study revealed increasing abundance of AOB, but decreasing abundance of AOA with
increasing soil temperature (5-25 °C) (Szukics et al., 2010). Another study researched the
influence of temperature (ranging from 10-30 °C) on the response of AOA and AOB in
nitrifying soil microcosms. The result showed that relative abundance or transcriptional
activity of AOB changed little during incubation. In contrast, DGGE analysis of AOA
16S rRNA and AOA amoA genes provided strong evidence of changes in community
structure of active AOA (Tourna et al., 2008).

2.9 Nitrification kinetics

The kinetics of nitrification describes the relationship between the substrate
concentration and the rate of NH4+/NH3 conversion to NO2- and NO3-. Although
nitrification kinetics is not determined in cell-free enzymatic systems, it may be modeled
using the Michaelis-Menten equation by obtaining estimates of the kinetic constants, Vmax
and Km. The Vmax constant is the maximum reaction rate that can be achieved with nonlimiting substrates. Vmax indicates the maximum enzyme activity in non-limiting substrate
concentrations, so it is also used to estimate ammonia oxidizer population size (Hart et
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al., 1994). The Km. is the substrate concentration at half of Vmax. In some situations, the
reaction may be inhibited at a very high concentration of substrate. The kinetics of
substrate inhibition can be modeled with the Haldane equation (Haldane, 1965), and the
inhibition parameter (Ki) is the maximum substrate that produces a rate of 1/2 Vmax.
Typical nitrification potentials (Vmax) in soil are in the range of 0.1-2 mmol N kg-1 day-1
(Koper et al., 2010; Norton and Stark, 2011). Substrate affinity (Km) ranges from 0.012 to
2 μM NH3, while inhibition constant (Ki) ranges from 1.1 to 1388 μM NH3 in soils
(Koper et al., 2010; Stark and Firestone, 1996).

2.10 AOA and AOB contributions to nitrification

The number of amoA gene is the result of growth of the AOB and AOA, and it
provides information on the potential activity of ammonia oxidizers. Evidence shows that
the AOA amoA gene is often more abundant than AOB in soils (Leininger et al., 2006;
Schleper and Nicol, 2010; Shen et al., 2012). Transcription of the amoA gene is a
measure of AMO production potential in soil (Nicol et al., 2008). However, amoA
transcript abundance may not be linked directly to growth (Placella and Firestone, 2013).
Some studies suggest that AOA amoA transcripts are more numerous than AOB amoA
transcripts (Leininger et al., 2006; Nicol et al., 2008), or that AOA and AOB amoA
transcript abundance was similar in some soils (Leininger et al., 2006; Placella and
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Firestone, 2013). However, the rate of ammonia oxidation may or may not be linked
directly to current AOA and AOB populations, or the mRNA transcript abundance
(Myrold et al., 2014; Nicol et al., 2008), so it is important to explore actually
contributions of AOA and AOB to ammonia oxidation. Xia et al. (2011) found AOB
dominantly contributed to nitrification activity (about 76%) in an agricultural soil by
using stable isotope probing technique. However, AOA were the more dominant players
in nitrification activity in an organic soil (Offre et al., 2009). Taylor et al. (2010)
developed a short-term assay based on the recovery of the nitrification potential (RNP)
after inhibition with acetylene in the presence and absence of bacterial protein synthesis
inhibitors. They discovered that in recently N fertilized cropped soils, the majority of
RNP activity is due to AOB, and that in pasture and grassland soils, RNP is due primarily
to AOA or to a mixture of AOA and AOB. A subsequent study has shown the relative
contributions of AOA and AOB to RNP were affected by cropping treatments, the time
since N fertilization and soil conditions in the field (Taylor et al., 2012). Recent finding
by Taylor et al. (2013) showed that octyne can be directly used to distinguish AOA and
AOB contributions to soil nitrification in short-term assays. These inhibitors are valuable
tools for distinguishing the activity of ammonia oxidizers in the soil environment under
contrasting conditions.
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3. Objectives and hypotheses

The main objective of this study was to examine how agricultural N management
affects microbial communities, enzyme activities, and functional genes for nitrification
and N mineralization. The dissertation contains five data chapters examining the soil N
cycle in agricultural plots receiving contrasting N sources of fertility. Chapter II presents
the changes in the abundance and composition of the AOA and AOB communities, and
their relative contributions to nitrification activity over four years receiving contrasting N
treatment with ammonium fertilizers or compost. Chapter III reports the response of
AOA and AOB activity to ammonium availability and temperature in the context of these
contrasting N fertilization regimes. Chapter IV reports the changes in activity, abundance
and diversity of NOB under contrasting N treatments. Chapter V reports the changes in
overall soil microbial community structure and N mineralization functions in response to
organic and inorganic nitrogen fertilization. Chapter VI presents the study of soil enzyme
activities and abundance of microbial functional genes involved in nitrification and N
mineralization in an organic farming system.
Objective 1: Investigate effects of conventional and organic N fertilizers on AOA and
AOB populations and community composition over four years and determine nitrification
rates and the relative contribution of AOA and AOB under these contrasting N treatments
(Chapter II).
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Hypotheses 1: The AOA and AOB abundance and community, and their relative
contribution to nitrification will differentially respond to N source treatments. AOB
abundance and activity will increase in response to ammonium fertilizer while AOA will
increase in response to an organic N source.
Objective 2: Determine the contribution of AOA and AOB to nitrification, and their
nitrification kinetics and temperature response in soils under contrasting soil N treatments
(Chapter III).
Hypotheses 2: AOA and AOB will show niche differentiation of nitrification under
contrasting N sources and diverse environmental conditions. AOA will show a relative
high ammonium affinity and temperature optimum compared to AOB.
Objective 3: Compare soils with contrasting N sources for nitrifying community, and
determine the activity, abundance, and diversity of NOB under contrasting N treatments
(Chapter IV).
Hypotheses 3: N source treatments will affect nitrifying community composition and the
activity, abundance and diversity of NOB. Ammonium fertilizers, but not organic N
fertilizers will increase the activity, abundance, and diversity of NOB.
Objective 4: Compare soils with contrasting N sources for soil community composition,
N transformation rates, and extracellular enzyme activities, and determine the quantity
and diversity of genes encoding selected enzymes for N mineralization (Chapter V).

28
Hypotheses 4: N source treatments will affect soil community composition, N
transformation rates, and extracellular enzyme activities. The abundance and diversity of
genes encoding selected enzymes will be different dependent on N source treatments.
The genes copy numbers will be positively correlated with enzyme activities throughout
the growing season.
Objective 5: Elucidate soil N transformation rates, extracellular enzyme activities and
the abundance of genes encoding selected N mineralization and nitrification enzymes
under contrasting organic N sources (Chapter VI).
Hypotheses 5: Soil N transformation rates, extracellular enzyme activities and the
abundance of genes encoding selected N mineralization and nitrification enzymes will
differentially respond to contrasting organic N sources.
Understanding the link between microbial communities and biogeochemical
functions such as nitrification and N mineralization may allow ecosystem models to
incorporate microbial communities as dynamic components driving N flux, and may
further contribute to improving strategies for the N management to match soil N supply
with plant demand in agricultural soils.
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Tables and figures
Table 1-1
Selected enzymes involved in N mineralization in soil microorganisms.
Adapted from Norton and Schimel 2011.
Enzyme
Proteinases/peptidases
trypsin
chymotrypsin

EC
designation
3.4
3.4.21.4
3.4.21.1

subtilisin (microbial alkaline
proteinase)
carboxyl proteinases

3.4.23

microbial metaloproteinases
Amidohydrolases

3.4.24
3.5.1

L-asparaginase
L-glutaminase
amidase
urease
peptidoglycan hydrolase
Amidinohydrolases
arginase
Dehydrogenases that deaminate
Glutamate dehydrogenase
Glycosidases

3.4.21.14

3.5.1.1
3.5.1.2
3.5.1.4
3.5.1.5
3.5.1.28
3.5.3
3.5.3.1
1.4
1.4.1.3
3.2

N-acetyl-β-Dglucosaminidase

3.2.1.52

chitinase

3.2.1.14

Action
hydrolyze peptide bonds
hydrolyzes at Arg, Lys
hydrolyzes at aromatic amino
acids
alkaline proteinase
acid proteinases similar to pepsin
or rennin
neutral proteinases containing Zn
hydrolysis C-N bond in linear
amides
hydrolysis of L-asparagine
hydrolysis of L-glutamine
hydrolysis of aliphatic amides
hydrolysis of urea to CO2and NH3
hydrolysis of peptidoglycan
linkages
hydrolysis C-N bond of linear
amidines
hydrolysis of arginine to ornithine
and urea
deaminates glutamate
important in hydrolysis of amino
sugars and their polymers
hydrolysis of terminal nonreducing N-acetyl-β-Dhexosamine residues
hydrolyze chitin linkages
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Fig. 1-1. Adapted from Norton (2011). A 16S ribosomal RNA guide tree for the clusters
of betaproteobacterial ammonia-oxidizing bacteria based on high quality sequences ( >
1200 bp) from isolates. Scale is substitution per site. Strain selection and cluster
designations based on those of Purkhold et al. (2000) and Kowalchuk and Stephen
(2001).
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Fig. 1-2. Adapted from Pester et al. (2012). Consensus tree illustrating the five major
clusters of archaeal amoA (used with permission John Wiley and Sons, Inc. appendix 1).
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CHAPTER II
AMMONIA-OXIDIZING BACTERIA ARE MORE RESPONSIVE THAN
ARCHAEA TO NITROGEN SOURCE IN AN AGRICULTURAL SOIL1

Abstract

In the majority of agricultural soils, ammonium (NH4+) is rapidly converted to
nitrate (NO3-) in the biological ammonia and nitrite oxidation processes known as
nitrification. The often rate-limiting step of ammonia oxidation to nitrite is mediated by
ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA). The
response of AOA and AOB communities to organic and conventional nitrogen (N)
fertilizers, and their relative contributions to the nitrification process were examined for
an agricultural silage corn system using a randomized block design with 4 N treatments:
control (no additional N), ammonium sulfate (AS) fertilizer at 100 and 200 kg N ha-1, and
steer-waste compost (200 kg total N ha-1) over four seasons. DNA was extracted from the
soil, and real-time PCR and 454-pyrosequencing were used to evaluate the quantity and
diversity of the amoA gene which encodes subunit A of ammonia monooxygenase. Soil
pH, nitrate pools, and nitrification potentials were influenced by ammonium and organic
fertilizers after the first fertilization, while changes in AOB abundance and community

1
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structure were not apparent until after the second fertilization or later. The abundance of
AOA was always greater than AOB but was unaffected by N treatments. In contrast,
AOB abundance and community structure were changed significantly by ammonium
fertilizers. Specific inhibitors of nitrification were used to evaluate the relative
contribution of AOA and AOB to nitrification. We found that AOB dominantly
contributed to potential nitrification activity determined at 1 mM ammonium in soil
slurries and nitrification potential activity was higher in soils treated with ammonium
fertilizers relative to control soils. However, AOA dominated gross nitrification activity
in moist soils. Our result suggests that AOB activity and community are more responsive
to ammonium fertilizers than AOA but that in situ nitrification rate is controlled by
ammonium availability in this agricultural soil. Understanding this response of AOA and
AOB to N fertilizers may contribute to improving strategies for the management of
nitrate production in agricultural soils.
Keywords: Nitrification, ammonia oxidizing archaea, ammonia oxidizing bacteria,
nitrogen fertilizers, recovery of nitrification potential, octyne.

1. Introduction

Nitrification, the biological oxidation of ammonia to nitrite and subsequently to
nitrate, influences the fate of N in terrestrial systems and often promotes the loss of
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nitrate from soils. In soils, the first step of autotrophic nitrification is mediated by
ammonia oxidizing bacteria (AOB) of the Betaproteobacteria and ammonia oxidizing
archaea (AOA) of the Thaumarcheota (Norton, 2011; Schleper and Nicol, 2010). Since
both AOA and AOB contain the ammonia monooxygenase enzyme, the amoA gene is
frequently used as a molecular marker to explore the abundance and diversity of
ammonia oxidizers. Leininger et al. (2006) first revealed that AOA were quantitatively
dominant in a variety of soils from diverse ecosystems. The abundance and communities
of AOA and AOB and their relative contributions to soil nitrification are influenced by
complex factors in agricultural soils (Giguere et al., 2015; Taylor et al., 2012).
Comparisons of N dynamics under organic N sources versus mineral fertilizers
have consistently shown changes in N transformation rates and associated microbial
communities (Burger and Jackson, 2003; Chu et al., 2007; Geisseler and Scow, 2014;
Habteselassie et al., 2006b; Habteselassie et al., 2013; Reeve et al., 2010; Shi and Norton,
2000). AOB and AOA have been found to co-exist in most agricultural soils and may
have functional differences in their response to nitrogen management (Di et al., 2009;
Habteselassie et al., 2013; Offre et al., 2009; Xia et al., 2011). The application of mineral
fertilizers or urea changed the abundance and composition of AOB, but it did not
significantly influence the AOA community in several agricultural soils (Ai et al., 2013;
Shen et al., 2008; Wang et al., 2009; Xia et al., 2011). In contrast, AOA growth was

50
detected when ammonia was supplied by mineralization of organic N derived from
composted manure or soil organic matter (Jiang et al., 2014b; Levicnik-Hoefferle et al.,
2012; Offre et al., 2009; Schleper, 2010). However, these studies were conducted in
microcosms or after long term (>5 years) field fertilization experiments. We have limited
information about how AOA and AOB population and community respond to mineral
and organic fertilization temporally in the field.
While previous studies have shown that the archaeal amoA is often more abundant
than bacterial amoA in soils (Leininger et al., 2006; Schleper and Nicol, 2010; Shen et al.,
2012), the rate of ammonia oxidation may or may not be linked directly to current AOA
and AOB populations (Myrold et al., 2014; Nicol et al., 2008). Xia et al. (2011) found
AOB dominantly contributed to nitrification activity in an agricultural soil by using a
stable isotope probing technique. However, AOA were found to be the more dominant
players in nitrification in other agricultural soils (Offre et al., 2009; Zhang et al., 2010).
Taylor et al. (2010) developed a short-term assay based on the recovery of the
nitrification potential (RNP) after inhibition with acetylene in the presence and absence
of bacterial protein synthesis inhibitors. They discovered that in recently N fertilized and
cropped soils the majority of RNP activity was due to AOB, and that in pasture and
grassland soils, RNP was due primarily to AOA or to a mixture of AOA and AOB. Recent
findings by Taylor and colleagues (2015; 2013) showed that AOA pure cultures were
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more resistant to the C8 alkyne inhibitor, 1-octyne, in comparison to AOB, and that
therefore octyne can be used to distinguish AOA and AOB contributions to soil
nitrification in short-term assays. These differential inhibitors allow us to assess the
relative contribution of AOA and AOB to nitrification.
In the present study, our goal was to investigate effects of conventional and
organic N sources on AOA and AOB populations and community composition in a
replicated field experiment over 4 years. Concurrently, we assessed nitrification rates and
the relative contribution of AOA and AOB under these contrasting N treatments. We
hypothesized that the AOA and AOB communities and their relative contributions to
nitrification would respond differentially to these contrasting N sources. Our expectation
was that AOB abundance and activity would increase in response to ammonium fertilizer
while AOA would increase in response to an organic N source. Understanding the
relative contribution of AOA and AOB to nitrification may contribute to improving
strategies for the management of nitrate production in agricultural soils.

2. Materials and methods

2.1 Experimental field plots and soil sampling

Field plots were established in 2011 at the Utah Experiment Station Greenville
farm located in North Logan, Utah (41°45’ N, 111°48’ W). The soil is an irrigated, very
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strongly calcareous Millville silt loam (Coarse-silty, carbonatic, mesic Typic
Haploxeroll). Previously, the field was used for conventional small grain production with
the annual application of 70 kg N ha-1 as urea. The experimental design is a randomized
complete block with four blocks and four nitrogen treatments: control (no N fertilization),
ammonium sulfate (AS 100 and 200 kg N ha-1), and steer-waste compost (200 kg total N
ha-1). Each plot is 3.8 m wide and 9.1 m long with a 4.6 m alley between each plot and a
1.2 m alley between each block. Composted steer manure (obtained from Miller Co.
Hyrum, UT) was analyzed for moisture and N content immediately before application to
determine the mass needed to supply the 200 kg total N ha-1 rate. Treatments were
surface applied in May of each year (2011 - 2014), incorporated by tilling immediately
after application, and silage corn was planted within one week after treatment application
as previously described (Habteselassie et al., 2006a).
Soil samples were collected in May (0-30 cm depth) and August (0-15 cm depth)
from 2011 to 2014. In May, we sampled soils about one or two weeks before fertilization,
and in August, we sampled soil about 90 days after treatment application. Six soil cores
were randomly taken from each plot, composited and mixed, placed on ice, and brought
to the laboratory for immediate processing.
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2.2 Soil chemical properties

Soil ammonium and nitrate were extracted immediately after sampling with 2 M KCl
(1:5 of soil:solution by mass). Soil ammonium and nitrate were measured with a flow
injection analyser (QuikChem 8500, methods 12-107-06-1-A, 12-107-04-1-J Lachat
Instrument, Loveland CO). The soil moisture was determined by drying soils at 105 °C
for 24 h. Soil samples were then sieved (2.0 mm) and stored at 4 °C or air-dried for other
measurements. Soil pH was determined on a 1:2 soil-water suspension. Soil organic C
and total N were determined by dry combustion (PrimacsSLC for organic carbon,
PrimacsSN for total N, Skalar, Inc, GA, USA).

2.3 Nitrification potential and recovered nitrification potential assays

Nitrification potential was determined by the shaken soil slurry method as described
previously (Hart et al., 1994; Norton and Stark, 2011). Briefly, 15 g sieved fresh soil was
placed into a 250 ml flask, and 100 ml 1mM phosphate buffer (pH=7.2) containing 1 mM
NH4+ was added to the flask. Flasks were shaken for 24 h at 200 rpm and sampled four
times (2, 4, 22, 24 h) after the beginning of shaking. The concentration of nitrite (NO2-)
and nitrate (NO3-) was measured with a flow injection analyzer (QuikChem 8500 method
10-107-04-1-C Lachat Instruments, Loveland CO).
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We measured the recovery of nitrification potentials (RNP) as described by Taylor et
al. (2010; 2012). Briefly, 9 g of moist soil were added into 60 ml of 30 mM TES buffer
(pH 7.2) with 1 mM NH4+ in 150 ml bottles with caps fitted with gray butyl stoppers. Soil
slurry was then exposed to acetylene (0.025 KPa) for 6 h. Acetylene was removed by
placing the soil slurries under a vacuum and degassing for 6 min. After degassing, all
bottles were shaken and incubated with caps loosened at 30 °C. Once acetylene is
removed, AMO may be synthesized again allowing nitrification to resume and nitrite and
nitrate to accumulate after a delay of approximately 24 h. Thus the RNP was calculated
by assessing the rate of nitrite and nitrate accumulation between 24 to 48 h after
acetylene removal. In some samples, two bacterial protein synthesis inhibitors kanamycin
(at a final concentration of 800 µg/ml) and spectinomycin (at a final concentration of 200
µg/ml) were used together to prevent synthesis of ammonia monooxygenase (AMO) by
AOB, and thus the recovery in these samples is due to AOA (RNPAOA). RNP of AOB
was calculated by the difference between total RNP and RNPAOA.
Nitrification potentials with and without 4 μM aqueous concentration (Caq) of 1octyne was measured to distinguish the contribution of AOA and AOB to NP, using the
modified method of Taylor and colleagues (2013). Briefly, 4.5 g sieved soil samples were
placed in bottles with caps fitted with butyl stoppers, and then 30 ml of 30 mM TES
buffer with ammonium sulfate (1.0 mM final NH4+-N) was added. Bottles were shaken
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for 2 h to equilibrate the soil and solution at 30 °C. One group of these soil slurries was
then exposed to 4 μM Caq of octyne, and the other group served as a control. Five ml
aliquots were sampled two times (2 and 24 h) after the beginning of shaking. The aliquots
were centrifuged at 8000 g for 8 min, and the supernatants were frozen until analysis. The
concentration of NO2- + NO3- was measured with a flow injection analyzer as above. The
nitrification potentials were determined by linear regression of NO2- + NO3- accumulation
over time. Nitrification activity in the presence of octyne was considered to be
contributed by AOA (which are octyne-resistant), and the difference between nitrification
activity with and without octyne was considered to be contributed by AOB (octynesensitive).

2.4 Gross and net nitrification rates

Gross nitrification rates were determined in laboratory incubations for soil sampled
in August 2011 and 2014. Three well-mixed 40 g dry-weight equivalent subsamples were
weighed into plastic specimen cups. Then, 1.6 ml of a 15NO3− solution (containing 3.33
mM K15NO3 at 99 atom % 15N) were added to the soils and carefully mixed, creating a
final soil water content of 0.18 kg kg-1. The quantity of 15N added approximately doubled
the soil NO3− pool. Immediately following soil mixing, one subsample was harvested and
extracted with 2 M KCl to determine NO3− concentration and 15N enrichment at time-0.
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The other two subsamples were placed in 1-L Mason jars with lids containing butyl
rubber septa and with 1 ml water at the bottom of the jar to minimize loss of moisture
from the soil. Octyne was immediately added to the subsample in one of the jars after the
lid was sealed (final concentration was 4 μM Caq). Jars were incubated for 48 h at 25°C
before extraction in 2M KCl. Soil NO2-+ NO3- were measured as described above. The
extracts were prepared for 15N analyses using a diffusion procedure described in Stark
and Hart (1996), and the 15N enrichment was measured by continuous-flow direct dry
combustion and mass spectrometry with an ANCA 2020 system (Europa Scientific,
Cincinnati, OH). Gross nitrification rates were calculated using the equation of Norton
and Stark (2011). Net nitrification was determined by a 21-day incubation. Fifteen grams
of moist soil (0.18 kg kg-1 water content) in a plastic specimen container was placed in a
1-L Mason jar with 1 ml water at the bottom of it to minimize loss of moisture from the
soil. Soil was extracted before and after incubation and NO2- + NO3- accumulation
determined over the incubation time.

2.5 Soil DNA extraction and real-time quantitative PCR

Soil samples were brought from the field to the laboratory, and immediately a 10
g sample of soil was frozen at -80 °C until DNA extraction. Soil DNA was extracted
following the MoBio Power Soil DNA isolation protocol (MoBio Laboratories Inc,
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Carlsbad, USA) using 0.25 g moist soil. DNA extracts were quantified by using a
NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE). Quantitative
PCR of AOA and AOB amoA genes was performed using the SsoAdvanced SYBR Green
Supermix and a CFX CONNECT Real-Time PCR Detection System (Bio-Rad
laboratories, Hercules, CA, USA). Primers amoA19F and amoA643R were used to
quantify AOA amoA gene abundance, while primer amoA189F and amoA2R were used
to quantify AOB amoA gene abundance (Habteselassie et al., 2013; Leininger et al.,
2006; Okano et al., 2004). Standard curves were constructed with plasmids containing
cloned amoA products from genomic DNA of Nitrosospira multiformis ATCC 25196 or
from environmental DNA. The 25 μl reaction mixture contained 12.5 μl SsoAdvanced
SYBR Green Supermix (Bio-Rad laboratories, Hercules, CA, USA), 0.5 μM of both
reverse and forward primers, and 10 μl of 10-fold diluted soil DNA extract.
Amplifications were carried out as follows: an initial denaturation step of 95°C for 10
min, 40 cycles of 95°C for 45 s, 60°C for 1 min for AOB or 58°C for AOA, and 72°C for
45 s, and a final extension step of 72°C for 10 min. Fluorescence intensity was read
during the 72°C step of each cycle. Reaction efficiencies ranged from 99%-105%, and R2
values ranged from 0.990-0.999 for AOB. For AOA, efficiencies ranged from 98-106%
and R2 values ranged from 0.992-0.999.
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2.6 Pyrosequencing and bioinformatic analysis

Sequencing of amoA amplicon libraries was accomplished using the 454
sequencing system (Roche Life Sciences, Branford, CT). Amplicons of AOA and AOB
amoA genes were obtained with the same primers as mentioned above, but 10 bp
barcodes and linkers were added to each forward primer. The 25 μl PCR reaction mixture
contained 1×PCR buffer (MgCl2 plus), 0.2 mM dNTPs, 1 μM of each forward and
reverse primers, 0.05 U of enzyme (FastStart High Fidelity Enzymes Blend (Roche Life
Sciences, Branford, CT), and 2μl of template DNA. Amplification was carried out as
follows: an initial denaturation at 94 °C for 5 min, 35 cycles of 94 °C for 30 s, 60 °C for 1
min, and 72 °C for 1 min, and a final extension step of 72 °C for 10 min. The PCR
products were checked by agarose gel electrophoresis, and cleaned by Agencourt
AMPure XP (Beckman Coulter, Inc.). The DNA concentration of the purified PCR
product was measured using the Quant-iTTM PicoGreen dsDNA BR Assay Kit
(Invitrogen) according to the manufacturer’s protocol. Finally, the purified PCR products
were pooled in an equal mole concentration, and then sequenced unidirectionally from
the forward primer on a GS FLX+/XLR70 Instrument.
The bioinformatic analysis was performed using QIIME (Caporaso et al., 2010).
Raw pyrosequencing reads were split based on the barcodes, and the sequences of low
quality (quality score < 25, length < 350 bp) were removed. The obtained sequences were
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further denoised (Reeder and Knight, 2010), and then submitted to RDP pipeline using
the FrameBot tool to fix frame shifts (Wang et al., 2013). The remaining quality-screened
sequences were clustered into operational taxonomic units (OTU) based on 90%
sequence identity. The 90% similarity level was chosen because AOB pure cultures with
about 90% amoA identity have ~97% identity of 16S rRNA genes (Norton et al., 2002).
The longest sequence from each OTU was chosen as a representative sequence. AOA
amoA representatives were trimmed and aligned to an existing high–quality amoA
database (Pester et al., 2012) using the ARB programs (Ludwig et al., 2004). AOB amoA
representatives were also trimmed and aligned with reference sequences, which were
retrieved from GenBank. Phylogenetic trees were constructed by neighbor-joining using a
Kimur 2-parameter distance with 1000 bootstrap replicates with MEGA 6 (Tamura et al.,
2013).

2.7 Statistical analysis

Statistical analysis of N source effects on soil properties and amoA gene copy
numbers were analyzed using repeated measures analysis of variance (ANOVA) with the
Proc Mixed model in SAS 9.2 (SAS Institute, Inc., Cary, NC, USA). Treatment and year
were used as fixed effects and block as a random effect. Data were log transformed as
necessary to meet normality assumptions. Two-way ANOVA was used to analyze effects
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of treatment and year on AOA and AOB amoA relative abundance. Two-way ANOVA
was used to analyze effects of treatment and 1-octyne on gross and potential nitrification
rates in soils sampled in Aug 2014. One-way ANOVA was used to evaluate the relative
contribution of AOB to RNP and NP among treatments. p values < 0.05 were considered
to be statistically significant. To carry out the beta-diversity analysis, the AOA and AOB
libraries were first normalized to 359 and 219 reads respectively (fewest sequences per
sample) and then weighted UniFrac distance matrices were produced using QIIME. PCA
and two-way PerMANOVA were conducted to visualize and assess the weighted Unifrac
distances matrices in vegan package of R software (http://www.r-project.org).

3. Results

3.1 Soil chemical properties

Soil N treatments showed no significant effects on soil organic C over four years
(Fig. 2-1A and Table B1) although soil organic C was higher in soils receiving compost
in 2014 when the year was considered separately. Total N was affected by both treatment
and year (Fig. 2-1B). Soil pH was lowest in the AS200 treatment in all four years ranging
from 8.11 to 8.15 (Fig. 2-1C), while control and compost treatments had a relative higher
soil pH (8.15-8.35). Soil extractable NH4+ was not influenced by treatment in either May
and Aug soil samples over four years (Fig. 2-1D and Table B1). Soil extractable nitrate
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showed significant treatment and year effect in soils sampled both in May and Aug (Fig.
2-1E, 2-1F and Table B1). AS200 often had a higher extractable nitrate than other
treatments over four years due to excessive nitrate not used by plants.

3.2 Nitrification potential and recovered nitrification potential

Nitrification potentials reflect the short-term rate of nitrate formation in a wellmixed system supplied with 1 mM NH4+. Repeated ANOVA analysis showed that both
treatment and year significantly affected NP, and there was also a treatment and year
interaction effect (Table B1). As early as August 2011, NPs were significantly elevated
by AS or compost treatments compared with control (Fig. 2-2). Over all four years,
AS200 had the highest NP. Compost treatment had a significantly higher NP than control
treatment in 2011 and 2013.
Like the NP assay, recovered nitrification potential measured nitrate production
contributed by AOA or AOB under 1mM NH4+in a well-mixed system. The RNP assay
indicated that both AOB and AOA were involved in ammonia oxidation in August 2013
(Fig. 2-3A). RNPAOA showed no significant differences among the treatments, and
averaged 5.63 mg N kg-1 d-1. However, the RNPAOB were higher in AS treatments,
ranging from 5.59 to 20.08 mg N kg-1 d-1. RNPAOA and RNPAOB contributed almost
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equally to total RNP in control soils, while RNPAOB contributed more (above 70%) to
total RNP in soil from the fertilized treatments.
The soil nitrification potential assays with the differential inhibitor 1-octyne
showed similar results to the RNP assay for August 2013 soil samples (Fig. 2-3B).
Generally, RNPAOA was significantly correlated with octyne-resistant NP (r=0.56,
p=0.02), but octyne-resistant NP was lower than RNPAOA averaging 3.0 mg N kg-1 d-1.
Therefore, the NP assay with octyne suggested that octyne-sensitive NP (i.e., AOB)
contributed dominantly (74-88%) to NP under all treatments. ANOVA analysis also
indicated that octyne-sensitive NP showed a higher fraction of total NP in N added
treatments (Fig. 2-3B). The NP measured in May 2014 from 0-30 cm depth soil (Fig. 3C)
was about 50% of NP in Aug 2013 from 0-15 cm depth soil (Fig. 2-3B), and the octyneresistant NP ranged from 1.3 to 2.3 mg N kg-1 d-1 in May 2014. Again, octyne-sensitive
NP dominated under all treatments. NP assay in August 2014 soil samples showed the
similar result as August 2013 soil samples (Fig. 2-4A).
Net and gross nitrification rates, measured in whole soils without NH4+ addition,
were elevated after four years repeated fertilization and cropping (Table 2-1). There was
no significant treatment effect in Aug 2011. In Aug 2014, both net and gross nitrification
rates were higher in AS and compost treatments, but net and gross rates showed no
difference between AS and compost treated soils. Under ambient NH4+ condition, almost
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all of the gross nitrification rate was due to octyne-resistant activity (Fig. 2-4B). Octyneresistant gross nitrification rates were higher in N-addition treatments.

3.3 Abundance of AOA and AOB

In May 2011 before treatment application, the copy numbers of amoA from AOA
and AOB were 4.1 × 107 g-1 soil and 3.9 × 106 g-1 soil, respectively (Fig. 2-5A and 2-5B).
AOA amoA numbers were significantly affected by year in May and August soil samples,
respectively (Fig. 2-5A and 2-5C; Table B2). While treatment showed no significant
effects on AOA amoA numbers, AOA amoA numbers were higher than AOB for all time
points. In contrast, AOB amoA numbers were significantly affected by both treatment and
year (Table B2). After the first fertilization, AOB amoA numbers showed no significant
difference among treatments (August 2011 and May 2012; Fig. 2-5B and 2-5D).
However, after the second fertilization, AOB numbers were higher in the AS200
treatment. This effect lasted through the third and fourth years, over all sampling times
and depths. The ratios of AOA to AOB amoA copy numbers, varied from 2.9 to 158.8,
were strongly affected by treatment and year, and were higher under control and compost
treatments than under AS treatments after the second fertilization (Table 2-2, Table B2).
AOB amoA copy numbers (but not AOA) were significantly correlated with NP rates (p <
0.001) (Fig. 2-B1).
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3.4 Community structure of AOA and AOB

The structure of AOA and AOB communities was revealed by 454pyrosequencing analysis of amoA genes for Aug 2011 and 2013 samples. Totals of
22,925 and 25,903 high-quality raw sequence reads were obtained for AOB and AOA,
respectively, with 27 and 19 unique OTUs respectively (90% identity cut off). Consensus
representative sequences for the most abundant OTUs are available in GenBank
KU291532-54.
Phylogenetic analysis showed that the dominant AOB OTUs were affiliated with
the Nitrosospira Cluster 3 lineage (Fig. 2-6A). The relative abundance of AOB OTUs
was not significantly affected by treatment in 2011, but the five most abundant OTUs
(BamoA14, BamoA25, BamoA26, BamoA27, BamoA4 ) were all significantly affected
by treatment in 2013 (Fig. 2-6B). For example, BamoA14, BamoA27 and BamoA4 were
higher under AS treatments, while BamoA25 and BamoA26 were higher under control
and compost treatments in 2013 soils. Most of AOB OTU relative abundances were
significantly affected by year. For example, BamoA10, BamoA15, BamoA23, and
BamoA26 were significantly decreased from 2011 to 2013 under all treatments.
Nitrosomonas (BamoA11, 0.17% of total sequences) was present in 2011 under all
treatments, but it was below detection in 2013. AOB community structure was different
between 2011 and 2013 and treatment changed AOB community structure in 2013 as
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revealed by weighted UniFrac distance matrices (Fig.2-8). Two-way PerMANOVA
further confirmed that AOB community structure was significantly affected by year (p =
0.001) and treatment (p = 0.05).
All of AOA amoA OTUs were affiliated with the Nitrososphaera cluster (Fig. 27A). Most of AOA amoA gene sequences were grouped into AamoA OTU5 (44.1% of
total sequences) and AamoA OTU12 (44.0% of total sequences) (Fig. 2-7B). AamoA12
was classified into Nitrososphaera subcluster 1.1, while AamoA5 could not be classified
into a stable Nitrososphaera subcluster although it was consistently associated with a
group including the soil fosmid 54d9. AamoA7, which was the third most abundant OTU,
belongs to Nitrososphaera subcluster 4.1. The relative abundance of AamoA5 decreased,
but AamoA12 increased from 2011 to 2013. However, none of AOA OTU relative
abundances were significantly affected by treatment. AOA community structure as
revealed by weighted UniFrac distance matrics (Fig. 2-8) and two-way PerMANOVA
also showed AOA community composition was not affected by treatments (p = 0.33) or
year (p = 0.18).

4. Discussion
In this four-year field study, we started with soil from plots with a consistent
agricultural management history. We observed significant effects of the new N
management on soil total N concentrations, pH, nitrate pools, nitrification activities,
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ammonia oxidizers populations and communities. Soil pH, nitrate pools, and nitrification
potentials were quickly changed by mineral and organic fertilizers after the first
fertilization, while changes in ammonia oxidizers populations and communities occurred
after the second fertilization or later. Our observations suggest that NP is a sensitive
indicator of nitrification activity, and integrates changes in nitrifier activity and
abundance over time, while substrate availability controls rates of nitrification under field
conditions as indicated by gross nitrification rate measurements.

4.1 AOA and AOB abundance and community composition
response to contrasting N sources

Overall, we observed higher abundance of AOA compared to AOB, similarly to
observations of Leininger et al. (2006) in various agricultural soils. We found ratios of
AOA to AOB were higher in the control and compost treated soils after repeated
fertilization, both treatments have the majority of their ammonium supplied through
mineralization of organic nitrogen (Habteselassie et al., 2013). In this study, AOA
abundance fluctuated over four years, but did not respond to ammonium or organic N
fertilizers. This is in contrast to previous studies in agricultural soils (Ai et al., 2013;
Jiang et al., 2014b; Schleper, 2010), which reported that AOA abundance increased when
ammonia was supplied as mineralized organic N derived from composted manure or soil
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organic matter.
In this study, AOA amoA OTUs were all affiliated with Nitrososphaera, which is
commonly detected in agricultural soils (Bates et al., 2011; Pester et al., 2012). Most of
AOA amoA gene sequences were equally distributed into two Nitrososphaera clades
(together 88.1% of total sequences). This pattern of low richness of AOA is a common
observation when soils are sampled at a single location (Jiang et al., 2014a). One of our
abundant OTUs (AamoA 5) was associated with the soil fosmid 54d9, which is widely
distributed in global soils (Alves et al., 2013; Bates et al., 2011) . To date, this group of
AOA does not have any pure culture representatives. Another abundant AOA OTU
(AamoA12) was classified into Nitrososphaera subcluster 1.1, which are often abundant
in soils, and includes cultured representatives Nitrososphaera gargensis and
Nitrososphaera viennensis (Hatzenpichler et al., 2008; Tourna et al., 2011) .
Ammonium fertilizer treatments strongly stimulated AOB growth rather than
AOA with repeated fertilizations. This is consistent with previous studies in agricultural
soils (Ai et al., 2013; Habteselassie et al., 2013; Shen et al., 2008; Wu et al., 2011). AOB
are favored by inputs of mineral ammonium or urea sources and high concentrations of
N. Field and soil microcosm experiments have previously shown significant increases in
AOB abundance under high ammonium concentration (Jia and Conrad, 2009; Okano et
al., 2004; Taylor et al., 2012; Verhamme et al., 2011), while AOA abundance was not
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affected (Di et al., 2009, 2010). However, we observed that AOB abundance was not
increased after a single fertilization when measured near the end of the season in August
and in the following May, even though NP was stimulated. Our observations indicate that
pre-planting fertilization with soluble ammonium fertilizers (e.g., application of
ammonium sulfate) changes the growth and community of AOB but not significantly in
one season. Continuous corn management would stimulate nitrification in the field,
possibly increase the N loss in the soil, and thus reduce the N use efficiency for plants.
The AOB communities were mainly affiliated with the Nitrosospira cluster 3 in
this study, a finding consistent with other studies that have shown the dominance of this
group of AOB in a number of agricultural soils (Chu et al., 2007; Habteselassie et al.,
2013; Phillips et al., 2000). Tourna et al. (2010) suggested that Nitrosospira cluster 3
often outcompetes other Nitrosospira under high ammonium conditions. This is true for
most AOB OTUs (including BamoA14 and BamoA27), which were favored by
ammonium fertilization in the current study. However, from 2011 to 2013, BamoA26,
our most abundant OTU, significantly decreased under AS treatments. This OTU is
related to the 3A cluster containing Nitrosospira sp. Wyke8 (Webster et al., 2005) see
Fig. 2-6A, which was also observed to be inhibited by high ammonium concentrations.
Interestingly, we detected Nitrosomonas (0.17% of total sequences) in 2011 under all
treatments, but it was below detection in 2013. Nitrosomonas have often been detected in
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manure treated soils (Fan et al., 2011) and in liquid waste treated soils (Habteselassie et
al., 2013). Our results suggest that soil Nitrosomonas may not be favored by fertilization
and conventional corn management.
Amplicon pyrosequencing revealed that the community composition of AOB was
significantly altered by three years but not one year of contrasting N treatment, while
AOA community was less responsive to N treatment. Previous microcosm studies for
agricultural soils did not show any AOB community shifts under ammonium treatment
with 4-6 weeks of incubation (Avrahami et al., 2002; Mendum et al., 1999), while AOB
community composition was altered after relatively longer incubations (Avrahami et al.,
2003). We observed shifts in the AOB community under AS fertilization after the third
year of treatment. Other studies that investigated the effect of long-term field fertilization
on ammonia-oxidizer communities showed contrasting results. Some studies indicated
repeated fertilization significantly altered AOB community composition (Ai et al., 2013;
Chu et al., 2007; Wu et al., 2011), while others have shown changes in AOA community
composition as well (Gubry-Rangin et al., 2010; He et al., 2007). The temporal aspect of
AOB community shifts in the field that we observed suggest that responses to are likely
after 2-3 years of ammonium fertilizer applications.
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4.2 Contribution of AOA and AOB to nitrification activity

In our study, nitrification potentials range from 5-31 mg N kg-1 d-1, which falls
within the range of 2–45 mg N kg-1 d-1 found in many agricultural soils (Ai et al., 2013;
Fortuna et al., 2003; Habteselassie et al., 2006a; Taylor et al., 2010). Since NP is
measured under excess substrate and without diffusional limitations, it is often thought to
reflect the legacy of substrate availability (Fortuna et al., 2003). We found that AS200
treatment had a much higher NP than compost treatment in all years, even though the
compost treatment received the same total N. The slow release of ammonium from the
compost does not stimulate NP to the same extent as applications of ammonium
fertilizers. Gross nitrification measures the actual rate of conversion of NH4+/NH3 to
NO3-, and is often limited by substrate availability (Booth et al., 2005). We found that the
highest gross nitrification rates are in the compost treated soils where mineralization
increases substrate availability and mineralized ammonium stimulates rates of
nitrification under low ammonium ambient conditions. We found that gross nitrification
rate was only 1-11% of the NP, but also reflected the effects of fertilization (Table 2-1).
Net nitrification rate was about 60% of the gross nitrification rate (Table 2-1), indicating
an important role for other nitrate consumptive processes.
Interestingly, nitrification potentials were elevated by mineral and organic
fertilizers after the first fertilization, while AOA and AOB amoA gene abundance showed
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no significant difference among treatments at this time point. Our amoA gene abundance
measurement was based on soil DNA, while the rate of ammonia oxidation may be more
related to the relationship among transcription, translation and enzyme function (Myrold
et al., 2014; Nicol et al., 2008). Our observation suggests a proteomic approach might be
appropriate for explaining short-term changes in nitrification activity especially for the
AOB.
In this study, NP rates significantly correlated with AOB amoA copy numbers, but
not with AOA abundance over four years of repeated N treatments (Fig. B1). The RNP
after acetylene inactivation in the presence and absence of bacterial protein synthesis
inhibitors suggested that AOB were responsible for approximately 69-76% of nitrifying
activity in fertilized soils. The soil slurry approach with or without 1-octyne also
indicated that AOB contributed approximately 82-91% to NP in N treated soils. This is
consistent with several previous studies (Taylor et al., 2010; Taylor et al., 2012; Xia et
al., 2011). Xia et al. (2011) found AOB dominantly contributed to nitrification activity
(about 76%) in an agricultural soil with the addition of 100 mg NH4+-N kg-1 soil every
week. Taylor et al. (2010) discovered that in recently N fertilized cropped soils, the
majority of RNP activity was due to AOB. A subsequent study has shown the relative
contributions of AOA and AOB to RNP were affected by cropping treatments, the time
since N fertilization, and soil conditions in the field (Taylor et al., 2012). Assuming each
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AOB cell has 2.5 amoA gene copy, and using the octyne-sensitive NP, we calculated
ammonia oxidation rate of AOB was about 41.1 fmol NH3 oxidized cell-1 h-1. This rate
was higher than ammonia oxidation rates (4-23 fmol NH3 oxidized cell-1 h-1) of AOB
cultures (Belser and Schmidt, 1980; Jiang and Bakken, 1999). We observed that AOA
also play a role in nitrification potential, especially in control and compost treated soils.
Assuming each AOA cell has one amoA gene copy, and using our estimate of octyneresistant nitrification potential at 30 oC, we calculated ammonia oxidation rate of AOA
was about 0.2 fmol NH3 oxidized cell-1 h-1. This is similar to specific rates found for AOA
pure cultures (Hatzenpichler et al., 2008; Konneke et al., 2005; Tourna et al., 2011) and
estimated rates from soils (Jia and Conrad, 2009).
Three months after fertilization, readily available ammonium was consumed, and
the majority of ammonium was supplied though mineralization of organic N. Since AOA
may have a higher affinity for ammonia than AOB (Martens-Habbena et al., 2009), we
expected AOA might dominate in situ nitrification, and this hypothesis was confirmed by
the findings that the addition of 1-octyne did not inhibit gross nitrification rate in whole
soils sampled in August. Taylor et al. (2013) discovered that in cropped soil AOB
dominantly contributed to the nitrification activity under saturated ammonium conditions,
while AOA activity dominated without ammonium addition based on whole soil octyne
inhibition assays. This is consistent with other studies that show that AOA dominate
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nitrification activity when ammonia is produced by mineralization of soil organic matter
(Gubry-Rangin et al., 2010; Offre et al., 2009; Zhang et al., 2010).
The contrasting results of octyne inhibition of nitrification activity under ambient
and high ammonium concentration suggests that ammonium concentration is a key factor
determining the relative contribution of AOA and AOB to nitrification. Immediately
following ammonium fertilizations AOB activity increases and growth may occur. AOA
are still functioning and at low concentrations of ammonium such as found in August
they are responsible for a higher relative amount of the gross nitrification activity. We
also observe that at 1 mM concentrations AOA are still responsible for about 20% of the
nitrification potential (Fig. 2-3B,C) but at these concentrations their capacity to respond
to additional ammonium has been saturated. Additional nitrification kinetics analysis in
2014 indicates that AOA do have a high affinity for ammonium, but that their activity
reaches its maximum below 1 mM ammonium while nitrification by AOB continues to
increase. Therefore, AOA’s relative contributions to nitrification activity decreases
rapidly with increasing ammonium availability such as occurs in recently fertilized soils
(Giguere et al., 2015; Ouyang et al., 2015). While inhibition of nitrification activity may
occur at high ammonium concentrations (i.e., > 5 mM (Tourna et al., 2010; Tourna et al.,
2011)) (Koper et al., 2010; Prosser and Nicol, 2012) we did not reach these levels of
ammonium in the current study. Inhibition at high ammonium levels may further affect
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the relative contributions to nitrification of AOA and AOB and this effect requires further
investigation especially under field conditions. Our observations suggest controlling the
activity of AOB in the field immediately after the application of mineral N fertilizers
would be an effective strategy to reduce and delay nitrification and therefore improve the
synchronization of N mobility with crop N uptake. However, our study also showed that
AOA contributed most to nitrification at low ammonium availability which is typical
over a longer portion of the season. Practices to control AOA activity would need to be
an extended effort, and may be more important under organic N management. Further
studies examining seasonal changes in nitrification kinetics and the role of AO
communities in this experimental system are in progress.
In conclusion, our investigation of AOA and AOB population and community
composition under mineral and organic N sources for 4 years in the field, found that one
fertilization did not significantly alter the abundance and community composition of
AOB and AOA, but significantly elevated nitrification potential. After repeated
fertilization, N treatment significantly affected abundance and community composition of
AOB, but had little effect on AOA. By evaluating the relative contribution of AOA and
AOB to NP after 3 or 4 years of repeated N treatments, we found that AOB dominantly
contributed to potential nitrification. However, this dominant role of AOB in NP does not
indicate the same role for in situ nitrification, and AOA dominated gross nitrification
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activity at low levels of ambient ammonium. Our results suggest that AOB activity and
community are more responsive to ammonium fertilizers than AOA in agricultural soil,
and practices to control nitrification should focus attention on AOB, especially in the
short term after application of ammonium fertilizers.

Acknowledgments

We would like to thank Danielle Barandiaran, Brittany Johnson, Cory Ortiz,
Marlen Craig Rice, and Lili Song for laboratory and field assistance. This research was
supported by USDA NIFA Award 2011-67019-30178 and Utah Agricultural Experiment
Station, Utah State University, and approved as journal paper number 8842.

References
Ai, C., Liang, G., Sun, J., Wang, X., He, P., Zhou, W., 2013. Different roles of
rhizosphere effect and long-term fertilization in the activity and community structure
of ammonia oxidizers in a calcareous fluvo-aquic soil. Soil Biology and
Biochemistry 57, 30-42.
Alves, R.J.E., Wanek, W., Zappe, A., Richter, A., Svenning, M.M., Schleper, C., Urich,
T., 2013. Nitrification rates in arctic soils are associated with functionally distinct
populations of ammonia-oxidizing archaea. ISME Journal 7, 1620-1631.
Avrahami, S., Conrad, R., Braker, G., 2002. Effect of soil ammonium concentration on
n2o release and on the community structure of ammonia oxidizers and denitrifiers.
Applied and Environmental Microbiology 68, 5685-5692.

76
Avrahami, S., Liesack, W., Conrad, R., 2003. Effects of temperature and fertilizer on
activity and community structure of soil ammonia oxidizers. Environmental
Microbiology 5, 691-705.
Bates, S.T., Berg-Lyons, D., Caporaso, J.G., Walters, W.A., Knight, R., Fierer, N., 2011.
Examining the global distribution of dominant archaeal populations in soil. ISME
Journal 5, 908-917.
Belser, L., Schmidt, E., 1980. Growth and oxidation kinetics of three genera of ammonia
oxidizing nitrifiers. FEMS Microbiol. Lett 7, 213-216.
Booth, M.S., Stark, J.M., Rastetter, E., 2005. Controls on nitrogen cycling in terrestrial
ecosystems: A synthetic analysis of literature data. Ecological Monographs 75, 139157.
Burger, M., Jackson, L.E., 2003. Microbial immobilization of ammonium and nitrate in
relation to ammonification and nitrification rates in organic and conventional
cropping systems. Soil Biology and Biochemistry 35, 29-36.
Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello,
E.K., Fierer, N., Peña, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley,
S.T., Knights, D., Koenig, J.E., Ley, R.E., Lozupone, C.A., McDonald, D., Muegge,
B.D., Pirrung, M., Reeder, J., Sevinsky, J.R., Turnbaugh, P.J., Walters, W.A.,
Widmann, J., Yatsunenko, T., Zaneveld, J., Knight, R., 2010. Qiime allows analysis
of high-throughput community sequencing data. Nature Methods 7, 335-336.
Chu, H., Fujii, T., Morimoto, S., Lin, X., Yagi, K., Hu, J., Zhang, J., 2007. Community
structure of ammonia-oxidizing bacteria under long-term application of mineral
fertilizer and organic manure in a sandy loam soil. Applied and Environmental
Microbiology 73, 485-491.
Di, H.J., Cameron, K.C., Shen, J.P., Winefield, C.S., O'Callaghan, M., Bowatte, S., He,
J.Z., 2009. Nitrification driven by bacteria and not archaea in nitrogen-rich grassland
soils. Nature Geoscience 2, 621-624.
Di, H.J., Cameron, K.C., Shen, J.P., Winefield, C.S., O'Callaghan, M., Bowatte, S., He,
J.Z., 2010. Ammonia-oxidizing bacteria and archaea grow under contrasting soil
nitrogen conditions. FEMS Microbiology Ecology 72, 386-394.

77
Fan, F., Yang, Q., Li, Z., Wei, D., Cui, X.a., Liang, Y., 2011. Impacts of organic and
inorganic fertilizers on nitrification in a cold climate soil are linked to the bacterial
ammonia oxidizer community. Microbial Ecology 62, 982-990.
Fortuna, A., Harwood, R.R., Robertson, G.P., Fisk, J.W., Paul, E.A., 2003. Seasonal
changes in nitrification potential associated with application of n fertilizer and
compost in maize systems of southwest michigan. Agriculture, Ecosystems &
Environment 97, 285-293.
Geisseler, D., Scow, K.M., 2014. Long-term effects of mineral fertilizers on soil
microorganisms – a review. Soil Biology and Biochemistry 75, 54-63.
Giguere, A.T., Taylor, A.E., Myrold, D.D., Bottomley, P.J., 2015. Nitrification responses
of soil ammonia-oxidizing archaea and bacteria to ammonium concentrations. Soil
Science Society of America Journal 79, 1366-1374.
Gubry-Rangin, C., Nicol, G.W., Prosser, J.I., 2010. Archaea rather than bacteria control
nitrification in two agricultural acidic soils. FEMS Microbiology Ecology 74, 566574.
Habteselassie, M.Y., Miller, B.E., Thacker, S.G., Stark, J.M., Norton, J.M., 2006a. Soil
nitrogen and nutrient dynamics after repeated application of treated dairy-waste. Soil
Science Society of America Journal 70, 1328-1337.
Habteselassie, M.Y., Stark, J.M., Miller, B.E., Thacker, S.G., Norton, J.M., 2006b. Gross
nitrogen transformations in an agricultural soil after repeated dairy-waste application.
Soil Science Society of America Journal 70, 1338-1348.
Habteselassie, M.Y., Xu, L., Norton, J.M., 2013. Ammonia-oxidizer communities in an
agricultural soil treated with contrasting nitrogen sources. Frontiers in Microbiology
4, 326.
Hart, S.C., Stark, J.M., Davidson, E.A., Firestone, M.K., 1994. Nitrogen mineralization,
immobilization, and nitrification. Methods of Soil Analysis: Part 2—Microbiological
and Biochemical Properties, 985-1018.
Hatzenpichler, R., Lebedeva, E.V., Spieck, E., Stoecker, K., Richter, A., Daims, H.,
Wagner, M., 2008. A moderately thermophilic ammonia-oxidizing crenarchaeote
from a hot spring. Proceedings of the National Academy of Sciences of the United
States of America 105, 2134-2139.

78
He, J.Z., Shen, J., Zhang, L., Zhu, Y., Zheng, Y., Xu, M., Di, H.J., 2007. Quantitative
analyses of the abundance and composition of ammonia-oxidizing bacteria and
ammonia-oxidizing archaea of a Chinese upland red soil under long-term fertilization
practices. Environmental Microbiology 9, 2364-2374.
Jia, Z.J., Conrad, R., 2009. Bacteria rather than archaea dominate microbial ammonia
oxidation in an agricultural soil. Environmental Microbiology 11, 1658-1671.
Jiang, H., Huang, L., Deng, Y., Wang, S., Zhou, Y., Liu, L., Dong, H., 2014a. Latitudinal
distribution of ammonia-oxidizing bacteria and archaea in the agricultural soils of
eastern China. Applied and Environmental Microbiology 80, 5593-5602.
Jiang, Q.Q., Bakken, L.R., 1999. Comparison of Nitrosospira strains isolated from
terrestrial environments. FEMS Microbiology Ecology 30, 171-186.
Jiang, Y., Jin, C., Sun, B., 2014b. Soil aggregate stratification of nematodes and ammonia
oxidizers affects nitrification in an acid soil. Environmental Microbiology 16, 30833094.
Konneke, M., Bernhard, A.E., de la Torre, J.R., Walker, C.B., Waterbury, J.B., Stahl,
D.A., 2005. Isolation of an autotrophic ammonia-oxidizing marine archaeon. Nature
437, 543-546.
Koper, T.E., Stark, J.M., Habteselassie, M.Y., Norton, J.M., 2010. Nitrification exhibits
haldane kinetics in an agricultural soil treated with ammonium sulfate or dairy‐
waste compost. FEMS Microbiology Ecology 74, 316-322.
Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G.W., Prosser, J.I.,
Schuster, S.C., Schleper, C., 2006. Archaea predominate among ammonia-oxidizing
prokaryotes in soils. Nature 442, 806-809.
Levicnik-Hoefferle, S., Nicol, G.W., Ausec, L., Mandic-Mulec, I., Prosser, J.I., 2012.
Stimulation of thaumarchaeal ammonia oxidation by ammonia derived from organic
nitrogen but not added inorganic nitrogen. FEMS Microbiology Ecology 80, 114123.
Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H., Yadhukumar, Buchner, A.,
Lai, T., Steppi, S., Jobb, G., Förster, W., Brettske, I., Gerber, S., Ginhart, A.W.,
Gross, O., Grumann, S., Hermann, S., Jost, R., König, A., Liss, T., Lüßmann, R.,
May, M., Nonhoff, B., Reichel, B., Strehlow, R., Stamatakis, A., Stuckmann, N.,

79
Vilbig, A., Lenke, M., Ludwig, T., Bode, A., Schleifer, K.H., 2004. ARB: A
software environment for sequence data. Nucleic Acids Research 32, 1363-1371.
Martens-Habbena, W., Berube, P.M., Urakawa, H., de la Torre, J.R., Stahl, D.A., 2009.
Ammonia oxidation kinetics determine niche separation of nitrifying archaea and
bacteria. Nature 461, 976-979.
Mendum, T.A., Sockett, R.E., Hirsch, P.R., 1999. Use of molecular and isotopic
techniques to monitor the response of autotrophic ammonia-oxidizing populations of
the beta subdivision of the class proteobacteria in arable soils to nitrogen fertilizer.
Applied and Environmental Microbiology 65, 4155-4162.
Myrold, D.D., Zeglin, L.H., Jansson, J.K., 2014. The potential of metagenomic
approaches for understanding soil microbial processes. Soil Science Society of
America Journal 78, 3-10.
Nicol, G.W., Leininger, S., Schleper, C., Prosser, J.I., 2008. The influence of soil pH on
the diversity, abundance and transcriptional activity of ammonia oxidizing archaea
and bacteria. Environmental Microbiology 10, 2966-2978.
Norton, J.M., 2011. Diversity and environmental distribution of ammonia-oxidizing
bacteria, In: Ward, B.B., Klotz, M.G., Arp, D.J. (Eds.), Nitrification. ASM Press,
Washington, D.C., pp. 39-55.
Norton, J.M., Alzerreca, J.J., Suwa, Y., Klotz, M.G., 2002. Diversity of ammonia
monooxygenase operon in autotrophic ammonia-oxidizing bacteria. Archives of
Microbiology 177, 139-149.
Norton, J.M., Stark, J.M., 2011. Regulation and measurement of nitrification in terrestrial
systems. Methods in Enzymology 486, 343- 368.
Offre, P., Prosser, J.I., Nicol, G.W., 2009. Growth of ammonia-oxidizing archaea in soil
microcosms is inhibited by acetylene. Fems Microbiology Ecology 70, 99-108.
Okano, Y., Hristova, K.R., Leutenegger, C.M., Jackson, L.E., Denison, R.F., Gebreyesus,
B., Lebauer, D., Scow, K.M., 2004. Application of real-time pcr to study effects of
ammonium on population size of ammonia-oxidizing bacteria in soil. Applied and
Environmental Microbiology 70, 1008-1016.
Ouyang, Y., Norton, J.M., Reeve, J.R., Stark, J.M., 2015. Response of ammoniaoxidizing bacteria and archaea to ammonium availability in an agricultural soil under

80
contrasting N fertilization, SSSA International Meetings. SSSA, Minneapolis, MN.
Nov 18, 2015.
https://scisoc.confex.com/scisoc/2015am/webprogram/Paper93072.html
Pester, M., Rattei, T., Flechl, S., Groengroeft, A., Richter, A., Overmann, J., ReinholdHurek, B., Loy, A., Wagner, M., 2012. AmoA-based consensus phylogeny of
ammonia-oxidizing archaea and deep sequencing of amoA genes from soils of four
different geographic regions. Environmental Microbiology 14, 525-539.
Phillips, C.J., Harris, D., Dollhopf, S.L., Gross, K.L., Prosser, J.I., Paul, E.A., 2000.
Effects of agronomic treatments on structure and function of ammonia-oxidizing
communities. Applied and Environmental Microbiology 66, 5410-5418.
Prosser, J.I., Nicol, G.W., 2012. Archaeal and bacterial ammonia-oxidisers in soil: The
quest for niche specialisation and differentiation. Trends in Microbiology 20, 523531.
Reeder, J., Knight, R., 2010. Rapidly denoising pyrosequencing amplicon reads by
exploiting rank-abundance distributions. Nature Methods 7, 668-669.
Reeve, J.R., Schadt, C.W., Carpenter-Boggs, L., Kang, S., Zhou, J.Z., Reganold, J.P.,
2010. Effects of soil type and farm management on soil ecological functional genes
and microbial activities. ISME Journal 4, 1099-1107.
Schleper, C., 2010. Ammonia oxidation: Different niches for bacteria and archaea? ISME
Journal 4, 1092-1094.
Schleper, C., Nicol, G.W., 2010. Ammonia-oxidising archaea - physiology, ecology and
evolution, In: Poole, R.K. (Ed.), Advances in microbial physiology, vol 57.
Academic Press Ltd-Elsevier Science Ltd, London, pp. 1-41.
Shen, J.-P., Zhang, L.-M., Di, H.J., He, J.-Z., 2012. A review of ammonia-oxidizing
bacteria and archaea in Chinese soils. Frontiers in microbiology 3, 296-296.
Shen, J.P., Zhang, L.M., Zhu, Y.G., Zhang, J.B., He, J.Z., 2008. Abundance and
composition of ammonia-oxidizing bacteria and ammonia-oxidizing archaea
communities of an alkaline sandy loam. Environmental Microbiology 10, 1601-1611.
Shi, W., Norton, J.M., 2000. Microbial control of nitrate concentrations in an agricultural
soil treated with dairy waste compost or ammonium fertilizer. Soil Biology and
Biochemistry 32, 1453-1457.

81
Stark, J.M., Hart, S.C., 1996. Diffusion technique for preparing salt solutions, Kjeldahl
digests, and persulfate digests for nitrogen-15 analysis. Soil Science Society of
America Journal 60, 1846-1855.
Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. Mega6: Molecular
evolutionary genetics analysis version 6.0. Molecular Biology and Evolution.
Taylor, A.E., Taylor, K., Tennigkeit, B., Palatinszky, M., Stieglmeier, M., Myrold, D.D.,
Schleper, C., Wagner, M., Bottomley, P.J., 2015. Inhibitory effects of C-2 to C-10 1alkynes on ammonia oxidation in two Nitrososphaera species. Applied and
Environmental Microbiology 81, 1942-1948.
Taylor, A.E., Vajrala, N., Giguere, A.T., Gitelman, A.I., Arp, D.J., Myrold, D.D.,
Sayavedra-Soto, L., Bottomley, P.J., 2013. Use of aliphatic n-alkynes to discriminate
soil nitrification activities of ammonia-oxidizing thaumarchaea and bacteria. Applied
and Environmental Microbiology 79, 6544-6551.
Taylor, A.E., Zeglin, L.H., Dooley, S., Myrold, D.D., Bottomley, P.J., 2010. Evidence for
different contributions of archaea and bacteria to the ammonia-oxidizing potential of
diverse oregon soils. Applied and Environmental Microbiology 76, 7691-7698.
Taylor, A.E., Zeglin, L.H., Wanzek, T.A., Myrold, D.D., Bottomley, P.J., 2012.
Dynamics of ammonia-oxidizing archaea and bacteria populations and contributions
to soil nitrification potentials. ISME Journal 6, 2024-2032.
Tourna, M., Freitag, T.E., Prosser, J.I., 2010. Stable isotope probing analysis of
interactions between ammonia oxidizers. Applied and Environmental Microbiology
76, 2468-2477.
Tourna, M., Stieglmeier, M., Spang, A., Könneke, M., Schintlmeister, A., Urich, T.,
Engel, M., Schloter, M., Wagner, M., Richter, A., Schleper, C., 2011. Nitrososphaera
viennensis, an ammonia oxidizing archaeon from soil. Proceedings of the National
Academy of Sciences 108, 8420-8425.
Verhamme, D.T., Prosser, J.I., Nicol, G.W., 2011. Ammonia concentration determines
differential growth of ammonia-oxidising archaea and bacteria in soil microcosms.
ISME Journal 5, 1067-1071.
Wang, Q., Quensen, J.F., Fish, J.A., Lee, T.K., Sun, Y.N., Tiedje, J.M., Cole, J.R., 2013.
Ecological patterns of nifh genes in four terrestrial climatic zones explored with

82
targeted metagenomics using framebot, a new informatics tool. Mbio 4, e0059200613.
Wang, Y., Ke, X., Wu, L., Lu, Y., 2009. Community composition of ammonia-oxidizing
bacteria and archaea in rice field soil as affected by nitrogen fertilization. Systematic
and Applied Microbiology 32, 27-36.
Webster, G., Embley, T.M., Freitag, T.E., Smith, Z., Prosser, J.I., 2005. Links between
ammonia oxidizer species composition, functional diversity and nitrification kinetics
in grassland soils. Environmental Microbiology 7, 676-684.
Wu, Y.C., Lu, L., Wang, B.Z., Lin, X.G., Zhu, J.G., Cai, Z.C., Yan, X.Y., Jia, Z.J., 2011.
Long-term field fertilization significantly alters community structure of ammoniaoxidizing bacteria rather than archaea in a paddy soil. Soil Science Society of
America Journal 75, 1431-1439.
Xia, W., Zhang, C., Zeng, X., Feng, Y., Weng, J., Lin, X., Zhu, J., Xiong, Z., Xu, J., Cai,
Z., Jia, Z., 2011. Autotrophic growth of nitrifying community in an agricultural soil.
ISME Journal 5, 1226-1236.
Zhang, L.-M., Offre, P.R., He, J.-Z., Verhamme, D.T., Nicol, G.W., Prosser, J.I., 2010.
Autotrophic ammonia oxidation by soil thaumarchaea. Proceedings of the National
Academy of Sciences of the United States of America 107, 17240-17245.

83
Tables and figures
Table 2-1
Net and gross nitrification rates in August 2011 and 2014.
Treatments

NNR*
2011 2014

GNR*
2011 2014

NNR/GNR
2011 2014

GNR /NP
2011 2014

Control
0.14 0.36 a
0.19 0.50 a
0.77 0.71
0.02 0.08 b
AS100
0.20 0.49 b
0.19 0.67 ab
1.09 0.73
0.01 0.05 a
AS200
0.17 0.54 b
0.38 1.00 b
0.45 0.54
0.02 0.05 a
Compost
0.15 0.53 b
0.63 0.99 b
0.24 0.53
0.05 0.11 b
Abbreviation: NNR-Net nitrification rate, GNR-Gross nitrification rate, NP-nitrification
potential. Different letters within a column indicate significantly different treatment
means within the year.
*Unit: mg N kg-1d-1.

Table 2-2
Ratios of AOA to AOB amoA copy numbers from May 2011 to Aug 2013 (mean values,
n = 4, lowercase letters indicate significant difference among treatments, p < 0.05).
Sample
Time
May-2011
May-2012
May-2013
May-2014
Aug-2011
Aug-2012
Aug-2013
Aug-2014

Ratios of AOA to AOB amoA copy number
Control
AS100
AS200
Compost
10.1 a
13.3 a
16.4 a
20.3 a
7.0 a
3.2 a
6.9 a
8.0 a
65.6 a
27.1 a
23.5 a
126.4 a
122.3 b
18.0 a
15.6 a
94.5 b
2.8 a
2.9 a
4.8 a
4.0 a
41.6 b
7.7 a
4.5 a
30.7 b
36.0 b
9.6 a
6.5 a
34.7 b
158.8 b
37.1 a
14.4 a
109.9 b
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Fig. 2-1. Soil organic C (A), total N (B), soil pH (C), extractable ammonium (D), and
extractable nitrate (E) in August, and extractable nitrate (F) in May for four N treatments
(control (no N fertilization), ammonium sulfate (AS 100 & 200 kg N ha-1), and compost
(200 kg N ha-1)). Error bars represent standard errors (n = 4). Different lowercases above
the bars indicate a significant difference among treatments in a specific year (p < 0.05),
based on repeated measures ANOVA.
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Fig. 2-2. Nitrification potentials in August over four years. Nitrification potential rate
was measured by soil slurry assay supplemented with 1 mM NH4+. Error bars represent
standard errors (n = 4). Different letters above the bars indicate a significant difference
among treatments in a specific year (p < 0.05), based on repeated measures ANOVA.
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Fig. 2-3. Recovery of nitrification potential (RNP) in Aug-2013 soil samples (A),
nitrification potential (NP) with and without 1-octyne in Aug-2013 (B), and in May-2014
(C). Percentages above the bars indicates the relative contribution of AOB to total RNP
or NP. Different uppercases indicate a significant difference in relative contribution of
AOB among treatments (p < 0.05), based on one-way ANOVA. Error bars represent
standard errors (n = 4). Different letters above the bars indicate a significant difference in
total NP or RNP among treatments (p < 0.05), based on one-way ANOVA.
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Fig. 2-4. Effect of N treatment and 1-octyne on nitrification potential (A), and gross
nitrification rate (B) in soils sampled in August 2014. Nitrification potential rate was
measured by soil slurry assay supplemented with 1 mM NH4+. Gross nitrification rate
was determined by using N15 pool dilution technique with soils incubated at 25 °C for
two days. Error bars represent standard errors (n = 4). Different lowercases indicate a
significant difference among treatments without exposure to octyne (p < 0.05), based
one-way ANOVA. Different uppercases letters indicate a significant difference among
treatments with soil samples exposed to octyne (p < 0.05), based on one-way ANOVA.
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Fig. 2-5. Abundance of AOA and AOB amoA gene copy numbers (log10 transformed)
across four N treatments. Error bars represent standard errors (n = 4). Different letters
above the bars indicate a significant difference among treatments in a specific year (p <
0.05), based on repeated measures ANOVA.
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Fig. 2-6. A) Neighbor joining tree for representative AOB partial amoA OTUs
(representatives with relative abundance > 0.1%). OTUs from this study are shown in
bold. The scale bar represents 5% nucleic acid sequence divergence, and bootstrap values
(> 50%) are showed at branch points.
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Fig. 2-6. Continued

B) The relative abundance of partial AOB amoA OTUs (relative abundance > 0.1%)
among four N treatments in Aug-2011 and Aug-2013 soil samples. Error bars represent
standard errors (n = 4).
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Fig. 2-7. A) Neighbor joining tree for AOA partial amoA OTU (representatives with
relative abundance > 0.1%). AOA amoA OTU representative sequences from this study
are shown in bold. The scale bar represents 5% nucleic acid sequence divergence, and
bootstrap values (> 50%) are showed at branch points.
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Fig. 2-7. Continued

B). The relative abundance of partial AOA amoA OTUs (relative abundance > 0.1%)
among four N treatments in Aug-2011 and Aug-2013 soil samples Error bars represent
standard errors (n = 4).

93

Fig. 2-8. Principal coordinate analysis based on the abundance of all AOA and AOB
amoA gene OTUs (weighted UniFrac). For this analysis, The AOA and AOB amoA
OTUs were normalized to 359 and 219 reads per sample, respectively. Shapes denote
treatment (square = Control, circle = AS100, up triangle = AS200, star = Compost). Fill
denote sampling time (open = 2011, solid = 2013).
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CHAPTER III

AMMONIUM AVAILABILITY AND TEMPERATURE CONTROL
CONTRIBUTIONS OF AMMONIA OXIDIZING BACTERIA AND ARCHAEA
TO NITRIFICATION IN AN AGRICULTURAL SOIL2

Abstract
The first step of nitrification in soils, ammonia oxidation to nitrite, is mediated by
ammonia oxidizing bacteria and archaea (AOB and AOA). However, our understanding
of the determinants of the relative contribution of AOA and AOB to overall nitrification
in soil environments is limited. We examined the response of nitrification to ammonium
substrate and temperature in soils from silage corn field plots after four years of
contrasting nitrogen (N) treatment: control (no additional N), ammonium sulfate (AS,100
& 200 kg N ha-1), and compost (200 kg N ha-1). In laboratory assays of shaken soil
slurries we used the AOB specific inhibitor, 1-octyne to distinguish AOA and AOB
contributions to soil nitrification. The analysis of nitrification kinetics showed the
maximum nitrification activity (Vmax) and half saturation constant (Km) for AOB ranged
from 0.32 to 4.77 mmol N kg-1 d-1 and 14 to 160 µM ammonium, respectively. Both
parameters were higher for soils that had received AS over the previous 4 years. The Vmax

2
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and Km for AOA averaged 0.24 mmol N kg-1 d-1 and 4.28 µM ammonium with no effect
of N treatment. The proportion of nitrification due to AOA was lowest at 5°C, increased
with temperature, and was near to 100% at 50°C. The optimum temperature for
nitrification was higher for AOA (41°C) than AOB (31°C). Nitrification potentials
measured from field soil through two growing seasons indicated that the AOB potential
rate was higher and was strongly stimulated at one month after fertilization in AS
treatments, compared to relatively lower and stable rates in control and compost treated
soils over the growing season. Nitrification potential rates due to AOA showed no
difference among N treatments. Nitrification potentials though the soil profile showed
that AOB played a dominant role in surface soils (0-30 cm), while AOA were more
dominant in subsurface soil (30-90 cm). Understanding the link between microbial
communities and biogeochemical functions such as nitrification may allow ecosystem
models to incorporate microbial communities as dynamic components driving N flux.
Keywords: Ammonia oxidizing archaea, ammonia oxidizing bacteria, nitrogen fertilizer
use efficiency, 1-octyne, niche differentiation, soil profile, nitrification kinetics,
temperature.

96
Introduction

Nitrification transforms ammonium (NH4+) into nitrate (NO3-) and increases the
likelihood of N loss from agricultural ecosystems. Ammonium easily binds to negatively
charged clay surfaces and functional groups of soil organic matter, while NO3- is much
more likely to leached out of the root zone or converted to gaseous N forms (e.g., N2 or
N2O) in anaerobic microsites (Norton and Stark, 2011). Estimates of N loss by NO3leaching from agricultural systems worldwide are projected to reach 61.5 Tg N year-1 by
2050 (Schlesinger, 2009). Globally, agricultural systems contributed around 70% of N2O
atmospheric emissions (Hofstra and Bouwman, 2005; Robertson and Vitousek, 2009; Hu
et al., 2015). Therefore, close attention to the management of nitrification may decrease
the impacts of N loss and increase N fertilizer use efficiency in agricultural ecosystems
(Subbarao et al., 2013).
The first step of autotrophic nitrification is primarily mediated by ammonia
oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA). AOB and AOA have
developed distinct ammonia oxidation pathways (Sayavedra-Soto and Arp, 2011;
Könneke et al., 2014; Kozlowski et al., 2016), and physiological responses to substrate
availability (Martens-Habbena et al., 2009; Prosser and Nicol, 2012; Qin et al., 2014).
AOB and AOA co-exist in most soils and these distinct physiologies may affect the
relative contribution of AOA and AOB to nitrification activity in the environment.
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Previous studies demonstrate that AOB dominantly contribute to nitrification in
agricultural soils with high ammonium inputs, while AOA were dominant in soils with
low ammonium concentrations (Jia and Conrad, 2009; Offre et al., 2009; Taylor et al.,
2010; Zhang et al., 2010; Xia et al., 2011; Taylor et al., 2013; Carey et al., 2016; Ouyang
et al., 2016). Both the abundance and relative activity of AOA and AOB varies with
cropping treatments, the time since N fertilization and environmental conditions (Taylor
et al., 2012; Giguere et al., 2015).
Ammonium concentrations and temperature range widely in cropped soils in the
field. Soil NH4+ concentration peaks shortly after the application of mineral ammonium
fertilizers, but in many systems this available NH4+ can be consumed in less than one
month, and soil NH4+ is supplied though mineralization of organic nitrogen over
remainder of the season (Shi et al., 2004; Habteselassie et al., 2006; Habteselassie et al.,
2013). The AOA and AOB communities may respond differently to these fluctuating
conditions; however, previous studies have usually evaluated the relative contribution of
AOA and AOB to nitrification under high NH4+ availability and within a limited
temperature range. Given the differences in physiologies of AOA and AOB, nitrification
is likely to be an example of a process where incorporating microbial community
characteristics (i.e., the abundance or relative abundance of AOB versus AOA) into the
kinetic parameters will improve predictions of biogeochemical models. However, in
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order to develop accurate predictive models for nitrification, we need more information
on the relative contribution of AOA and AOB to nitrification and their response to a
range of NH4+ concentrations and temperatures typical of the soil environment. With this
information, we may begin to include the abundance and community of ammonia
oxidizers explicitly into the rate equations for nitrification. Current models of nitrification
often use Michaelis-Menten kinetic rate equations but the approach for parameter
estimation remains a crucial choice for these analysis (Inselsbacher et al., 2013). Our
main objective for this study is to determine AOA and AOB specific kinetic parameters
appropriate for agricultural soils.

In a previous study, we assessed relative contributions of AOA and AOB to
nitrification under organic and conventional N management. AOB dominantly
contributed to nitrification in soil slurries at 1 mM NH4+, while AOA dominated gross
nitrification activity in moist soils at ambient NH4+ (Ouyang et al., 2016). The objective
of the current study was to determine the contribution of AOA and AOB to nitrification
shortly after fertilization, and to determine if their nitrification kinetics and temperature
responses differ in agricultural soils with contrasting N treatments. We hypothesized that
AOA and AOB would have distinct kinetic parameters for substrate and temperature
response. Understanding the link between microbial communities and biogeochemical

99
functions such as nitrification may allow ecosystem models to incorporate microbial
communities as dynamic components driving N flux.

Materials and methods

Soil characterization

The details of the agricultural site (North Logan, Utah, USA), experimental design, and
treatments, have been previously described (Ouyang et al., 2016). Briefly, the experiment
was initiated in April 2011. The experimental design is a randomized complete block
with four blocks and four nitrogen treatments: control (no N fertilization), ammonium
sulfate (AS 100 and 200 kg N ha-1), and steer-waste compost (200 kg total N ha-1).
Treatments were surface applied in May of each year and incorporated by tilling
immediately after application. Silage corn was planted within one week after treatment
application. The soil is an irrigated, very strongly calcareous Millville silt loam (Coarsesilty, carbonatic, mesic Typic Haploxeroll). Soil temperatures, precipitation and soil
moisture content during the study period are shown in Figure. C-1A & B.
Soils were sampled monthly from pre-fertilization to 154 days (d) after
fertilization in the field in 2014. In 2015, samples were collected at pre-fertilization, and
3d, 7d, 14d, 21d, 35d, 80d after fertilization to examine the short term effects of
fertilization. Six soil cores (0-15 cm depth, three cores in the intervals between rows and
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three cores within the row between plants) were taken from each plot, composited and
thoroughly mixed, and a sample of soil was stored at -80 °C immediately after soils were
brought to the laboratory. Soil subsamples were extracted immediately after sampling
with 2M KCl (1:5 of soil: solution by mass). Soil NH4+ and NO2- + NO3- concentrations
were measured in KCl extracts with a flow injection analyzer (QuikChem 8500, methods
12-107-06-1-A, 12-107-04-1-J Lachat Instrument, Loveland CO). While this analytical
method does not distinguish between NO2- and NO3-, NO2- concentrations were generally
very low, and thus we refer to the results as NO3- concentrations. Soil moisture was
determined by drying at 105 °C for 24 h. Soil samples were sieved (2.0 mm) and stored at
4 °C or air-dried for other measurements. After corn harvest at 154 d after fertilization in
2014, deeper soil core samples were collected from the center of each plot with a
Giddings soil corer (5 cm diam.) (Giddings Machine Co., Windsor, CO) to 90-cm depth,
and the core sample was split into 4 depth intervals: 0-15, 15-30, 30-60, 60-90 cm.
Subsamples from each depth interval were extracted in 2 M KCl and analyzed for NH4+
and NO3-. Nitrification potentials were also measured as described below. Precipitation
and soil temperature (0-10 cm) data for the Greenville Farm Station were accessed from
the Utah Climate Center (https://climate.usurf.usu.edu/agweather.php?station_num=424).
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Nitrification potential and nitrification kinetics

Nitrification potentials (NP) were determined by the shaken soil slurry method in
phosphate buffer with ammonium sulfate (1.0 mM NH4+-N) (Norton and Stark, 2011).
The detailed protocol is described in Ouyang et al. (2016). The differential inhibitor 1octyne was used to distinguish the contribution of AOA and AOB in these NP assays
(Taylor et al., 2013; Taylor et al., 2015). Nitrification activity in the presence of octyne
was considered to be carried out by AOA (which are octyne-resistant), and the difference
between nitrification activity with and without octyne was considered to be due to AOB
(octyne-sensitive).
Nitrification kinetics were determined for soils sampled at 28 d and 83 d after
fertilization. Nitrification kinetics assays were completed within 2 weeks of soil sample
collection. Excess inorganic N was removed to achieve lower starting concentrations and
lower variability of substrates and products (Koper et al., 2010), prior to the nitrification
kinetics assay. We added 4.5 g sieved soils into 40 ml centrifuge tubes with 30 ml of
phosphate buffer (1.0 mM at pH 7.2), vortexed briefly, centrifuged at 16000 x g for 10
min, and then carefully decanted the supernatant. Soil pellets were vortexed to resuspend
in with 30 ml of phosphate buffer (1.0 mM at pH 7.2), in which different NH4+
concentrations, ranging from 0 to 20.0 mM NH4+, were generated by adding (NH4)2SO4
solutions. The soil slurries were transferred to bottles with black phenolic caps fitted with
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gray butyl stoppers. Bottles were placed in an orbital incubator shaker and shaken
continuously (200 rpm) at 30 °C for 2 h to equilibrate the soil and solution. In
preliminary experiments we noted that even if we adjusted the initial slurry pH to 8.0, the
final pH decreased by 0.1 to 0.5 units below 8.0, especially in AS treatments. We
considered this to be an acceptable range for these high carbonate well-buffered soils and
therefore did not adjust pH prior to incubation. After 2 h shaking, sufficient octyne was
added to one group of samples to create 4 μM Caq octyne, and another group served as a
control. Preliminary experiments showed that nitrification activity could be completely
blocked by acetylene indicating that acetylene-insensitive heterotrophic nitrification was
absent, therefore, we did not include an acetylene treatment in our nitrification kinetics
assay. Five ml aliquots were sampled at 2 and 24 h after the beginning of shaking. The
aliquots were centrifuged at 8000 g for 8 min at 4 °C, and the supernatants frozen until
analyzed.
The concentrations of NH4+ and NO2- + NO3- were measured with flow
injection colorimetric methods (as above). The net nitrification rates were determined
by NO3- accumulation between 2 and 24 h. The detected substrate concentration was
calculated as the average of 2 h and 24 h measured NH4+ concentration. Two kinetics
models were fit to nitrification rate and NH4+ concentration data: the MichaelisMenten model and the Haldane model (Stark and Firestone, 1996; Koper et al., 2010).
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Three parameters were obtained with these two models: the apparent maximum
nitrification rate (Vmax), apparent half-saturation constant (Km), and apparent inhibition
constant (Ki).

Temperature response of nitrification potential

Soil samples collected at 83 d after fertilization 2014 were used to evaluate the
temperature response of NP. The nitrification potential assay was carried out at 1 mM
NH4+-N as described above, but performed at seven temperatures (5-50 °C). Q10 was
calculated from the change in NP between 9 and 20 °C. The generalized Poisson
density function equation was fit to the rate and temperature data (Stark, 1996).
Temperature optima of total NP, ocytne-resistant NP, and octyne-sensitive NP were
estimated from this equation.

Net nitrification

For soil sampled in 2015, net nitrification was determined by a 2-d incubation at
the ambient soil moisture using the modified method of Taylor and colleagues (2013).
Soil samples were processed on the day of sampling and 4.5 g samples were placed in
bottles. The bottles were capped with grey butyl stoppers and sealed, and then were
exposed to three treatments: (i) positive control, (ii) acetylene amendment (6 μM Caq),
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and (iii) octyne amendment (4 μM Caq). Soil samples were incubated in the dark at 25°C
for 2 d. At the beginning and end of the incubation, NH4+ and NO3- concentrations were
determined.

Soil DNA extraction and real-time quantitative PCR

Soil DNA was extracted following the MoBio Power Soil DNA isolation protocol
(MoBio Laboratories Inc, Carlsbad, USA) using 0.25 g moist soil. DNA extracts were
quantified by using a NanoDrop spectrophotometer (NanoDrop Technologies,
Wilmington, DE). Quantitative PCR of AOA and AOB amoA genes was performed using
the SsoAdvanced SYBR Green Supermix and a CFX CONNECT Real-Time PCR
Detection System (Bio-Rad laboratories, Hercules, CA, USA). Primers, PCR conditions
and calibration standards were described in Ouyang et al. (2016). Reaction efficiencies
ranged from 94%-105%, and R2 values ranged from 0.990-0.999.

Statistical analysis

Statistical analysis of multiple sampling data for total NP, octyne-sensitive NP,
octyne-resistant NP, AOA and AOB amoA gene copy numbers (log transformed),
nitrification kinetic parameters (Vmax, and Km) were carried out using repeated measures
analysis of variance (ANOVA) with Proc Mixed model. Sampling time was used as a
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repeated measures factor and block as a random factor. One-way ANOVA followed by
Tukey’s HSD was used to compare Q10 and temperature optima for total NP, octynesensitive NP, octyne-resistant NP among N treatments. A t test was used to evaluate the
difference in temperature optima between octyne-sensitive NP and octyne-resistant NP.
Differences were considered statistically significant at p ≤ 0.05. ANOVA and t tests were
performed with the SAS 9.2 software (SAS Institute, Inc., Cary, NC, USA). Kinetic
models were fit to data and parameters were determined with SigmaPlot 11.0 (SPSS Inc.,
Chicago, IL).

Results

Inorganic N dynamics

In 2014, N treatment had no significant effects on extractable NH4+ at the dates
evaluated over the growing season (Figure 3-1A). In 2015, NH4+ in AS treatments was
highest at 3 d after fertilization, and then decreased gradually in the five weeks following
fertilization (Figure 3-1B). Extractable NH4+ ranged from 0.2 to 59.2 mg N kg-1 soil in
the growing season of 2014 and 2015. In control treatment, extractable NH4+ and NO3ranged from 0.2 to 1.90 and 0.23 to 8.49 mg N kg-1 soil in the growing season of 2014
and 2015, respectively. Extractable NO3- was highest across all N treatments at 28 d in
2014 (Figure 3-1C). Extractable NO3- accumulated in fertilized treatments for three
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weeks after fertilization in 2015 (Figure 3-1D). Extractable NO3- was always highest in
the AS200 treatment, regardless of sampling time

Seasonal dynamics of AOA and AOB abundance

AOA amoA copy numbers, ranged from 2.1 × 107 to 1.1 × 108 copies per gram
of soils and were not affected by treatment throughout the 2014 and 2015 growing
season (Figure 3-2A&B). However, AOA amoA copy numbers fluctuated strongly by
sampling time. In 2014, AOA amoA copy numbers were higher at 28d and 154d
following fertilization for all treatments (Figure 3-2A, Table C1). In 2015, they were
lowest at 35d, but highest at Day-80 (Figure 3-2B, Table C2). AOA amoA copy
numbers were higher than those of AOB at all times (Figure 3-2). AOB amoA copy
numbers, ranged from 3.0 × 105 to 3.1 × 107 per gram of soil, were significantly
affected by both treatment and sampling time (Table C-1 and C2). AOB amoA copy
numbers for AS treatments were often higher than those in control and compost treated
soils. In 2014, AOB amoA copy numbers increased throughout the growing season in
compost, but they were relative stable for other treatments. AOB amoA copy numbers
in control and compost were higher in 2015 than those in 2014. AOB amoA copy
numbers in AS treatments gradually increased 3-4 fold in the first two weeks after
fertilization in 2015. The ratios of AOA to AOB amoA gene copy numbers, varied
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from 5.6 to 242.3, were strongly affected by treatment and time, and were higher under
control and compost treatments than AS treatments (Table C3). AOA amoA copy
numbers were not significantly correlated with total NP (r = 0.001, p = 0.99) or octyneresistant NP (r = 0.07, p = 0.14). However, AOB amoA copy numbers were positively
correlated with total NP (r = 0.66, p < 0.001) or octyne-sensitive NP (r = 0.64, p <
0.001).

Nitrification kinetics

Both Michaelis-Menten and Haldane models were used to predict nitrification
kinetics parameters. Haldane model provided a slightly better fit for the octyne-resistant
nitrification than the Michaelis-Menten model (Table C4). The Vmax and Km described in
the text are those predicted by the Michaelis-Menten model to be consistent for
comparison (Table 3-1; Figure 3-3 shows results at 28 d and D2 shows results at 83 d).
Repeated measurement ANOVA showed that both treatment and sampling time
significantly affected Vmax of octyne-sensitive nitrification activity. Octyne-sensitive
nitrification Vmax ranged from 0.32 to 4.77 mmol N kg-1 d-1. The Vmax of octyne-sensitive
nitrification activity in AS treatments were significantly higher than control and compost
treatments (Table 3-1). Furthermore, octyne-sensitive nitrification Vmax in AS treatments
were higher at 28d than at 83d, while the Vmax in control and compost treated soils did
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not change between Day-28 and Day-83. Vmax of octyne-resistant nitrification activity
was not affected by time and treatments, and the mean Vmax was 0.24 mM N kg-1 d-1.
Vmax of total nitrification activity ranged from 0.54 to 5.00 mmol N kg-1 d-1, and it
showed the same pattern as the changes in Vmax of octyne-sensitive nitrification activity.
The Km of octyne-sensitive nitrification activity showed significant treatment and
time effects. Octyne-sensitive nitrification Km was highest in AS200 and lowest in
control treatment, ranging from 14 to 161 μM NH4+. Octyne-sensitive nitrification Km
were higher at 28d than at 83d among all N treatments (Table 3-1). The Km of octyneresistant nitrification activity was not significantly different among the treatments and
time, and the mean Km was 4.28 μM NH4+ across all treatments and time (Table 3-1). The
Km of total nitrification activity ranged from 6. 8 to 136. μM NH4+, with the same pattern
as the changes in Km of octyne-sensitive nitrification activity. Octyne-resistant
nitrification activity showed a slight inhibition by high NH4+ concentration both in Jun
and Aug, but Ki predicted by the Haldane model was highly variable and Ki was not
significantly different among the treatments and time (Table C4). The Ki values showed
that octyne-sensitive nitrification activity was more tolerant to high NH4+ concentration
than octyne-resistant nitrification activity. The Vmax for octyne-sensitive nitrification was
significantly correlated with AOB amoA copy numbers (r = 0.48, p = 0.006, n = 32),
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while Vmax for octyne-resistant nitrification was not correlated with AOA amoA copy
numbers (r = 0.22, p = 0.23, n = 32).
Octyne-resistant fraction of NP was close to 100% when no or very low (10 μM)
NH4+ was added to the soil, and it rapidly decreased with increasing NH4+ concentrations
(Figure 3-3D, Figure C-2). Octyne-resistant fraction of NP was about 50% when 50 μM
NH4+ was added to soil solutions. When the detected NH4+ concentration was above 190
μM, the relative contribution of ocytne-resistant nitrification was highest in the control
treatment, and lowest in the AS treatments, and intermediate in the compost treatment. In
AS treatments, octyne-resistant fractions of NP were only 5-8% at 28d, and 12-16% at
83d at the highest detected ammonium concentration,

Temperature response

Temperature response of NP activity was determined in soils sampled at the end
of the growing season. Octyne-sensitive NP increased from 5 to 30°C (Figure C3, Figure
3-4a). Octyne-sensitive NP increased more rapidly in AS treatments (Q10 = 2.78) than that
in control and compost treatments (Q10 = 2.09, p < 0.01) from 9 to 20 °C (Figure C4a).
Octyne-sensitive NP declined from 30 to 50 °C, and it was near to zero at 50 °C. Octyneresistant NP increased from 5 to 40 °C, and increased more rapidly than octyne-sensitive
NP from 9 to 20 °C (Figure C4a). Poisson equation predicted a significantly higher
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temperature optimum for octyne-resistant NP activity (40.8 °C) than for octyne-sensitive
NP activity (31.2 °C, p < 0.001, Figure. 3-4). Both octyne-resistant and octyne-sensitive
NP activities showed no effect of N treatment on temperature optimum (Figure C4). In
contrast, temperature optimum of total NP activity was higher in control and compost
treatments (35.5 °C) than that in AS treatments (32.2 °C) (p < 0.001).
Octyne-resistant fraction of NP was lowest at 5 °C, it increased with increasing
temperature, and it was near to 100% at 50 °C (Figure 3-4). The control treatments
always had a higher octyne-resistant fraction than the other treatments from 5 to 40 °C.
The relative contribution of octyne-resistant NP was more than 50% in the control
treatment at > 35 °C.

Seasonal dynamics of nitrification potential and net nitrification

Repeated measures ANOVA showed that both treatment and sampling time had
significant effects on soil octyne-sensitive NP in 2014 and 2015 (Table C5 and C6).
Octyne-sensitive NPs ranged from 0.3 to 4.6 mM N kg-1 d-1 throughout the growing
season in 2014 and 2015 (Figure 3-5). Soil octyne-sensitive NP rates in fertilized soils
(AS and compost) were higher than those in the control soil. In 2014, octyne-sensitive
NPs in AS treatments were highest at 28 d and lowest at 57 d. In 2015, octyne-sensitive
NPs in AS treatments were highest at the one week after fertilization, and then declined
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gradually in five weeks after fertilization. Octyne-sensitive NPs in control and compost
treatments were relatively stable throughout the growing season in 2014 and 2015. Total
NP activity showed the same pattern as the changes in the octyne-sensitive NP (Figure 35).
Octyne-resistant NPs, ranged from 0.15 to 0.47 mM N kg-1 d-1, were always lower
than octyne-sensitive NPs throughout the growing season in 2014 and 2015 (Figure 3-5).
In 2014, octyne-resistant NP showed no significant treatment effect, but significant
sampling time effect (Table C5). Octyne-resistant NPs slightly increased through the
growing season in both years. Octyne-resistant fraction of NP was often lower than 50%
(Table 3-2), indicating that AOB contribute dominantly to NP under N treatments.
However, octyne-resistant fraction of NP was significantly affected by treatment and
sampling time. In AS treatments, the octyne-resistant fraction of NP ranged from 7.2 to
20.8%, while it ranged from 18.6 to 47.7% in control and compost treatments, reflecting
a higher AOA contribution.
Net nitrification rates were stimulated 10~18-fold in AS treatments at the first
week after fertilization, and they were often higher in fertilized treatments than that in
control treatment (Figure 3-6). Octyne-sensitive net nitrification rates in AS treatments
were significantly increased at the first week after fertilization (Table C7), and they
contributed more than 80% of total net nitrification rates. Octyne-resistant net
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nitrification rates in AS treatments also increased at two weeks after fertilization. Octyneresistant net nitrification dominated net nitrification for most of sampling times except at
three and seven days after fertilization.

Nitrification potential through the soil profile

Octyne-sensitive NP showed statistical differences among treatments and depths
(Table C8). Octyne-sensitive NP in AS200 was always higher than other treatments at all
soil depths (Figure 3-7). Octyne-sensitive NPs decreased significantly from 0-15 to 15-30
cm in AS treatments, while they did not change in control and compost treatments.
Octyne-resistant NP decreased significantly with soil depth, but were not different by
treatment (Figure 3-7, Table C8), total NP showed the same pattern as the changes in the
octyne-sensitive NP activity. Octyne-resistant fraction of NP did not increase deeper in
the soil profile for the AS200 treatment, the higher amount of AS application stimulated
octyne-sensitive NP in subsurface soils (Table C8). Octyne-resistant fractions were lower
(20 -48%) in surface soils (0-30 cm), but higher (47-77%) in deeper soils (30-90 cm) in
the control, AS100 and compost treatments, signifying a relative increase in AOA
contribution to NP deeper in the profile.
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Discussion

Ammonia oxidization kinetics and temperature response

Ammonium concentration is a key factor determining the relative contribution of
AOA and AOB to nitrification in this agricultural soil. AOB dominantly contribute to
nitrification under non-limiting ammonium while AOA dominate nitrification at low
ammonium concentration. These are the first direct measurements of the kinetic
parameters for AOA and AOB soil communities exposed to NH4+ concentrations
spanning the range from below Km to high enough to cause substrate inhibition. In the
agricultural soil environment immediately following ammonium fertilization, AOB
activity increases and growth occurs. We observe that at higher than 0.2 mM NH4+
concentrations AOB are responsible for about 60-90% of the nitrification potential
(Figure 3-3) because at these concentrations AOB respond to additional NH4+ while
AOA’s capacity is saturated. At lower concentrations of NH4+ such as those found more
than 80 days post fertilization, AOA are functioning and responsible for a higher relative
amount of nitrification activity. AOA do have a high affinity for NH4+ as indicated by
Km, but their activity reaches its maximum below 0.03 mM NH4+ while nitrification by
AOB continues to increase (Figure 3-8). Therefore, AOA’s relative contributions to
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nitrification activity decreases rapidly with increasing NH4+ availability such as occurs in
recently fertilized soils.
The Michaelis-Menten model was an appropriate model for nitrification in this
agricultural soil. The modeled Vmax for total nitrification activity across four N treatments
ranged from 0.54 to 5.00 mmol N kg-1 d-1. Similarly high levels of nitrification activity
have been seen in other agricultural soils (Koper et al., 2010; Taylor et al., 2010; Norton
and Stark, 2011). Although the modeled Vmax for soil AOB activity was much higher in
AS treatments than that in control and compost treatments, there was no difference when
the rate was expressed on a per AOB cell basis. Assuming each AOB cell has 2.5 amoA
gene copy, and using the modelled Vmax of soil AOB activity, we calculated ammonia
oxidation rate of AOB was about 95 fmol NH3 oxidized cell-1 h-1. This rate was higher
than ammonia oxidation rates (4-23 fmol NH3 oxidized cell-1 h-1) of AOB cultures (Belser
and Schmidt, 1980; Jiang and Bakken, 1999). One contributing reason was that our
measurements were carried out at 30 °C which is higher than the temperature (22 °C)
used for the pure culture measurements. Our temperature response assays indicated that
AOB potential rates strongly increased with temperature in the range of 22 to 30 °C. The
Vmax for AOA activity was not affected by N treatments, regardless of rates expressed in
per g soil or per cell. We calculated ammonia oxidation rate of AOA was about 0.19 fmol
NH3 oxidized cell-1 h-1, with the assumption that each AOA cell has one amoA gene copy.
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This ammonia oxidation rate of AOA is within the range of 0.02-0.35 fmol NH3 oxidized
cell-1 h-1 that has been reported for AOA cultures (Konneke et al., 2005; LehtovirtaMorley et al., 2011; Tourna et al., 2011). Using the calculation above, AOB per cell rate
was about 500 times higher than AOA.
Interestingly, half saturation constant Km for AOB activity was affected by N
treatment. Since Km differed among AOB populations and among AOB communities
from different soil types, we would expect that AOB communities were different among
treatments. In a previous study on communities of ammonia oxidizers we demonstrated
that AOB community structure was affected by N treatments, and that soils in the AS
treatment harbored different AOB communities compared to control and compost
treatments (Ouyang et al., 2016). In the current study, Km for AOB activity was higher in
AS treatments than in control and compost treatments; however, the Km for AOA activity
was not influenced by N treatments. Estimated half-saturation constant (Km) were about
3-40 times higher for AOB activity than for AOA activity. The lower Km for AOA is
consistent with Martens-Habbena et al. (2009) , who showed that AOA have a
significantly higher substrate affinity. This lower Km of AOA may be explained by
surface area to enzyme ratios or possible transporters for NH3/NH4+ (Urakawa et al.,
2011; Prosser and Nicol, 2012). It is reported that Km of cultured AOB ranged from 501780 μM NH4+ (Koper et al., 2010), and specifically, Km of Nitrosospira strains ranged
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from 167-380 μM NH4+ (Jiang and Bakken, 1999; Bollmann et al., 2005), which is
slightly higher than Km observed in our soil slurry assay. In our soils, most AOB
populations were closely related to Nitrosospira multiformis, Nitrosospira sp. NP39-19,
and Nitrosospira sp.Wyke8 (Ouyang et al., 2016), but no Km has been determined for
those specific AOB cultures. The Km of enriched or pure AOA cultures ranged from
0.13-0.69 μM ammonium (Martens-Habbena et al., 2009; Park et al., 2010; Jung et al.,
2011). Our Km of soil octyne-resistant nitrification activity (2.9-6.0 μM) was much higher
than those AOA cultures but may be similar to soil Nitrososphaera (Tourna et al., 2011).
The AOA community in our soils is likely distinct from the enrichment or pure culture
AOA from aquatic or marine systems.
Some AOB cultures and all the currently available AOA cultures are sensitive to
high concentration of NH4+ (Tourna et al., 2010; He et al., 2012; Prosser and Nicol,
2012). In the current study, we did not observe significant NH4+ sensitivity for AOB
activity, and there was only slightly reduction of AOB activity at 83 d when 20 mM NH4+
was added to the soils. In contrast to AOB, AOA activity was sensitive to high NH4+
concentration, and its activity was slightly inhibited when > 5 mM NH4+ was added to the
soil slurry. Specific growth rates of two soil isolated AOA cultures, Nitrosotalea
devanaterra and Nitrososphaera viennensis, also decreased with increasing NH4+
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concentration from 1 to 10 or 15 mM, and their growth was completely inhibited at 50
mM and 20 mM NH4+, respectively (Lehtovirta-Morley et al., 2011; Tourna et al., 2011).
Our nitrification kinetics analysis also showed that fertilization regimes
significantly influenced the response of AOB but not AOA to NH4+ concentration, and
the larger AOB community in the repeated AS treated soils would be competitive for
NH4+ than the AOA community even in the low NH4+ range (Figure 3-8B&C). This is in
contrast to the AOB communities under control and compost treatments (Figure 38A&D) which would not be as competitive for low concentrations of NH4+. For our soils
using soil water content, KCl-extracted NH4+, and NH4+ sorption capacity based on
Langmuir model (Venterea et al., 2015) (Figure C5), we estimated concentrations of
NH4+ in the soil solution ranged from 6 to 50 μM (with mean value of 28 μM) at most
sampling times, but from 117 to 1728 μM for the three weeks immediately after
fertilization under AS treatments. Our kinetics assays indicated that AOB could be
effective competitors in those low NH4+ range, especially under AS treatments (Figure 8).
However, net and gross nitrification in whole soils confirmed that AOA were dominant in
carrying out nitrification at these low soil solution NH4+ ranges. This contradictory result
may suggest a strong limitation of NH4+ diffusion for AOB activity in whole soils,
especially at the low soil NH4+ concentration. The larger AOB cells with a faster per cell
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rate of oxidation would develop larger depletion zone and experience lower than the bulk
soil concentration of substrate.
In this current study, we observed a preference for higher temperatures for AOA,
compared to AOB as indicated by 1) higher optimum temperature for AOA activity (40.8
°C) than for AOB activity (31.2 °C); 2) increased relative contribution of AOA to NP
from 5 to 50 °C; and c) higher Q10 for AOA activity. AOA are thought to originate from a
thermophilic ancestor; the broad distribution of AOA in various mesophilic environments
is thought to be the result of secondary adaptations to mesophily (Brochier-Armanet et
al., 2012). For example, the hot spring isolate, Nitrososphaera gargensis, was enriched at
46 °C (Hatzenpichler et al., 2008), and a soil isolate, Nitrososphaera viennensis, has an
optimum temperature for growth at 37 °C (Tourna et al., 2011). In a pasture soil where
the recovered nitrification potential after acetylene inactivation was dominated by AOA,
NP was highest at 40 °C, compared to NP at 22 °C and 30 °C (Taylor et al., 2010). In
contrast to AOA, AOB may prefer lower temperature environments, however, currently
there are no literature reports of AOB in environments where the temperature remains
higher than 40°C (Hatzenpichler, 2012). AOB communities were mainly affiliated with
the Nitrosospira lineage in our soils (Ouyang et al., 2016), strains of Nitrosospira isolated
from terrestrial environments had temperature optimum between 26 °C and 33 °C (Jiang
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and Bakken, 1999). Avrhami et al. (2003) found that the maximum ammonia oxidation
activity was between 10 °C and 25 °C in a Nitrosospira dominated soil.
Temperature optimum of total NP activity was significant higher in control and
compost treatments (35.5 °C) than that in AS treatments (32.2 °C). Stark and Firestone
(1996) found significant difference of temperature optima of NP between soils from open
grassy interspaces (35.9 °C) and soils from beneath oak canopies (31.8 °C), and they
explained the difference in temperature optima to differences in temperatures at particular
times of the year (during the spring). Our result may suggest that temperature optimum of
soil total NP was due to different contribution of AOB and AOA. For example, AOA
contributed a higher percentage to total NP in control and compost treatments, while
AOB dominantly contributed to NP in AS treatments. Since AOB and AOA communities
showed a different temperature optimum, temperature optimum of total NP was
determined by different proportion of AOB and AOA contribution.
To our knowledge, this is the first study to estimate differential nitrification
kinetic constants and temperature response of soil AOA and AOB simultaneously in soil.
Evidence indicated AOA and AOB showed distinct responses to ammonium
concentrations and to temperature. Our results could be used to parameterize mechanistic
models of nitrification. Although current nitrification models try to incorporate
mechanistic considerations of nitrifier community characteristics, the approach to
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simulating nitrification varies widely (Cannavo et al., 2008; Vogeler et al., 2013).
Michaelis-Menten kinetic representation may be appropriate for nitrification since
changes in substrate concentration will cause shifts from first order to pseudo zero order
rate relationships (Inselsbacher et al., 2013). Our observations suggest that these shifts
may occur at different substrate concentrations for AOB versus AOA communities. The
process of nitrification may be an initial example for processes that would benefit from
incorporating microbial community characteristics (i.e., the abundance or relative
abundance of AOB versus AOA) into the kinetic parameters for biogeochemical models.

Variability in abundance and activity of AOA and AOB

AOA abundance showed no long-term or short-term fertilization effect during this
two-year study, while AOB abundance were significantly higher in AS treatments,
compared to control and compost treatments after four or five years of repeated N
treatment. Interestingly, we also observed a significant further increase in AOB
abundance in short periods (less than one month) after AS application. This is consistent
with other field studies, which reported 3 to 10-fold increases in AOB population size
two or four weeks after AS application (Okano et al., 2004; Taylor et al., 2012; Dai et al.,
2013). However, in our study, AOB abundance decreased to the pre-fertilization level
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about one month after adding AS fertilizers, suggesting the AOB communities were
adapted to the short-term high ammonium soil environment.
AOB potential rates were more variable than AOA. AOB potential rates peaked at
one week after the addition of AS, suggesting the quick response of AMO synthesis or
activation in AOB cells. As NH4+ was consumed, AOB potential rates were reduced to
the pre-fertilization level. Interestingly, AOB potential rates was lowest in July, when the
soil temperatures were the highest for the year. High soil temperatures may be an
important factor constraining the activity of AOB in the field. However, AOA potential
rates were resistant to change by N fertilization and soil temperature, but they were often
higher at the end of the growing season. The contribution by AOA to NP was always
lower than 50% in all treatments, indicating that AOB contribute dominantly to NP in
these soils.
Both AOB and AOA net nitrification in whole soils were stimulated by the
amendment of mineral or organic N fertilizers, implying both AOB and AOA were
substrate limited in this agricultural soil at the sampling time. AOB net nitrification
increased sharply and contributed about 82% of total net nitrification at one week after
fertilization. AOA net nitrification increased about 3-fold compared to pre-fertilization
level two weeks after fertilization. Although the contribution of AOA net nitrification to
total nitrification was low one week after the application of AS fertilizers, it dominated
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the net nitrification in other time periods under AS treatments and almost all the growing
season in control and compost treatments due to the low ammonium availability. Those
findings were consistent in recent finding for whole soil assays (Taylor et al., 2013;
Giguere et al., 2015). These results suggest that AOB quickly consume most of the
ammonium shortly after fertilization, and strategies to immediately inhibit AOB activity
after mineral N fertilization would be effective to delay nitrification in the field.
Our observations indicated that nitrification activity by both the AOB and AOA
decrease with soil depth. The fraction of nitrification activity due to AOA often increased
in the deeper soils except for the AS200 treatment, implying the higher amount of AS
application stimulated octyne-sensitive NP for these subsurface soils. Several studies
have demonstrated that both AOA and AOB abundance decrease with soil depth, the ratio
of AOA to AOB increase and NP decreases (Jia and Conrad, 2009; Wang et al., 2014).
In summary, mineral fertilizers stimulated AOB abundances and activity,
compared to control and compost. AOA abundances and its response to ammonium were
not affected by N treatments. AOB dominantly contribute to nitrification under nonlimiting ammonium while AOA dominate nitrification at low ammonium concentration.
The NP of both AOA and AOB was decreased with soil depth, and AOB usually played a
dominant role in surface soils (0-30 cm), while AOA was more dominant in subsurface
soil (30-90 cm). The per cell rate of ammonium oxidation and the half-saturation constant
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for AOA activity were much lower than those for AOB, and AOA activity dominated in
soils at very low ammonium concentration. The relative contribution of AOA to NP
increased with increasing temperature, and AOA had a much higher temperature
optimum than AOB. Understanding the differential response of AOB and AOA to
substrate and temperature may allow the AO microbial community to be included into
simulation models as dynamic components driving N flux.
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Tables and figures
Table 3-1
Kinetic parameters for nitrification potentials. Maximum rate (Vmax) and half-saturation constant (Km) of total nitrification activity, octynesensitive (AOB) nitrification activity, and octyne-resistant (AOA) nitrification activity in soils sampled at 28d and 83d after fertilization in
2014. Maximum nitrification rates and half-saturation constants were predicted by Michaelis-Menten model. (Mean values, ± SE, n = 4).
Vmax (mmol N/kg/day)

Km (µM)

Nitrification

Treatments

Total
nitrification

Control
AS100
AS200
Compost

0.6 ± 0.08 a 0.54 ± 0.07 a
2.66 ± 0.21 b 1.64 ± 0.24 b
5.00 ± 0.68 c 2.45 ± 0.23 c
0.85 ± 0.05 a 0.83 ± 0.08 a

9.50 ± 2.98 a
6.78 ± 1.11 a
66.00 ± 5.05 b 40.23 ± 8.96 b
136.25 ± 16.59 c 56.23 ± 6.34 b
19.25 ± 2.29 a
17.20 ± 2.67 a

Octyne-sensitive
nitrification

Control
AS100
AS200
Compost

0.41 ± 0.09 a 0.32 ± 0.08 a
2.47 ± 0.24 b 1.41 ± 0.22 b
4.77 ± 0.67 c 2.15 ± 0.20 c
0.67 ± 0.05 a 0.61 ± 0.08 a

19.43 ± 11.74 a 13.58 ± 2.71 a
86.23 ± 4.51 b 58.9 ± 13.05 b
160.93 ± 17.35 c 89.25 ± 9.78 b
43.98 ± 6.90 a
31.42 ± 3.90 a

Ocytneresistant
nitrification

Control
AS100
AS200
Compost

28d

0.20 ± 0.01
0.22 ± 0.02
0.27 ± 0.06
0.20 ± 0.01

83d

0.22 ± 0.01
0.25 ± 0.04
0.33 ± 0.05
0.23 ± 0.01

28d

4.13 ± 1.64
5.97 ± 4.51
3.63 ± 1.23
2.90 ± 0.42

83d

3.15 ± 0.33
3.30 ± 0.83
2.88 ± 0.62
3.07 ± 0.16

*lower case letters indicate significant difference among treatments within each specific time and rate, p < 0.05.
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Table 3-2
The relative contribution of AOA (octyne-resistant fraction) to
total nitrification potential (mean values (%), n = 4, lowercase letters indicate
significant difference among treatments, p < 0.05) within the sampling time.
Year

Treatments
Days after
fertilization Control AS100
AS200

Compost

2014

-16
28
57
83
120
154

27.82 c
40.30 c
40.24 b
38.14 b
35.70 b
47.74 c

13.14 a
14.20 a
18.24 a
19.14 a
18.21 a
20.77 a

8.88 a
9.36 a
17.89 a
16.56 a
16.89 a
20.87 a

18.09 b
29.51 b
31.07 b
31.80 b
28.11 b
30.64 b

2015

-20
7
14
21
35
80

39.93 b
37.67 c
35.79 c
34.76 c
40.85 b
39.67 b

16.27 a
10.93 a
9.14 a
13.59 ab
20.09 a
20.55 a

17.23 a
7.17 a
7.63 a
11.63 a
18.38 a
15.32 a

21.53 a
25.00 b
21.85 b
20.23 b
37.32 b
35.03 b
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Figure 3-1 Soil KCl-extractable ammonium in 2014 (A) and 2015 (B), and KClextractable nitrate in 2014 (C) and 2015 (D) across four N treatments (control (no N
fertilization), ammonium sulfate (AS, 100 & 200 kg N ha-1), and compost (200 kg N
ha-1)). Error bars represent standard errors (n = 4).
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Figure 3-2 Abundance of AOA and AOB amoA gene copy numbers (log10
transformed) across four N treatments during the growing season in 2014 (A and C)
and 2015 (B and D). Error bars represent standard errors (n = 4). A complete
summary of the repeated measurement ANOVA result is shown in Table C-1 & C-2.
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Figure 3-3 Effect of NH4+ concentration on octyne-sensitive (AOB) nitrification (A),
ocytne-resistant (AOA) nitrification (B), total nitrification potential (C), and octyneresistant fraction of the nitrification potential (D) in soils sampled at 28 days after
fertilization in 2014. The Michaelis-Menten model (lines) are fit to the nitrification
rate data. Points represent means of four replicates. Error bars represent standard
errors (n = 4).
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Figure 3-4 Temperature response of octyne-sensitive (AOB) nitrification potential,
ocytne-resistant (AOA) nitrification potential (a). Points represent means of four
treatments. Lines (solid for AOB, dashed for AOA) were predicted by generalized
Poisson density equation. Changes of octyne-resistant fraction of the nitrification
potential with temperature (b). Error bars represent standard errors (n = 4)

Figure 3-5 Effect of N treatment and sampling time on octyne-sensitive (AOB) nitrification potential, ocytne-resistant (AOA) nitrification
potential, and total nitrification potential during the growing season. (A) 2014 and (B) 2015. Octyne-resistant nitrification rate are the shaded
bottom bar, octyne-sensitive nitrification rates are the lighter top portion of the bar. Error bars represent standard errors (n = 4). A complete
summary of the repeated measurement ANOVA result is shown in Supplementary Table C-5 & C-6.

135

136

Figure 3-6 Effect of N treatment and sampling time on octyne-sensitive (AOB) net
nitrification, ocytne-resistant (AOA) net nitrification, and total net nitrification during
the growing season in 2015. Octyne-sensitive net nitrification rates are shown in a
light shade, and octyne-resistant net nitrification rate are shown in a darker shade.
Error bars represent standard errors (n = 4). A complete summary of the repeated
measurement ANOVA result is shown in Supplementary Table C-7.

Figure 3-7 Effect of N treatment and depth on octyne-sensitive (AOB) nitrification potential (A), ocytne-resistant (AOA) nitrification potential
(B), total nitrification potential (C), and octyne-resistant fraction of the nitrification potential (D) in soils sampled at 154 days after fertilization
in 2014. Error bars represent standard deviations (n = 4). A complete summary of the repeated measurement ANOVA result is shown in Table
C-8.
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Figure 3-8 Effect of NH4+ concentration on octyne-sensitive nitrification (AOB) and
ocytne-resistant nitrification (AOA) described by the Michaelis-Menten model across
four N treatments: control (A), AS100 (B), AS200 (C), and compost (D) in soils sampled
at 28 days after fertilization in 2014. Vmax and Km of AOB nitrification are used from
Table 2 for each treatment. Vmax and Km of AOA nitrification averaged 0.24 mmol N kg-1
d-1 and 4.28 µM NH4+.
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CHAPTER IV

AMMONIUM-BASED FERTILIZER INCREASES THE ACTIVITY, BUT NOT
THE ABUNDANCE OF NITRITE OXIDIZERS IN AN AGRICULTURAL SOIL3

Abstract
Autotrophic nitrification is mediated by ammonia oxidizing bacteria (AOB) or
ammonia oxidizing archaea (AOA), and nitrite oxidizing bacteria (NOB). Although
several studies have examined the impact of nitrogen (N) fertilization on the dynamics
and diversity of AOA and AOB; we have limited information on the response of NOB
activity, abundance, and diversity to N fertilization. We investigated the influence of
organic and inorganic N fertilizers on NOB in soils from silage corn field plots that
received contrasting nitrogen (N) treatments control (no additional N), ammonium sulfate
(AS,100 & 200 kg N ha-1), and compost (200 kg N ha-1). The nitrifying community was
examined using the universal primers targeting the 16S rRNA gene, through Illumina
amplicon sequencing. The nitrifying community was not altered after the first year of
fertilization, but was significantly shifted by four years of repeated application of
ammonium fertilizers. The only nitrite oxidizers recovered in all soil samples were from
the genus Nitrospira. The gene encoding subunit beta of nitrite oxidoreductase, nxrB, was

3
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targeted with real-time PCR and clone libraries to evaluate the quantity and diversity of
Nitrospira. We found that ammonium fertilizers significantly increased the rates of
potential nitrite oxidation determined at 0.15 mM nitrite in soil slurries. However, N
treatment did not affect the abundance of nxrB. Clone libraries of partial nxrB sequences
detected 16 species- level operational taxonomic units (OTUs), which were unevenly
distributed in five different Nitrospira lineages. Understanding the response of both
ammonia oxidizers and nitrite oxidizers to N fertilization may initiate or improve
strategies for mitigating potential environmental impacts of nitrate production in
agricultural ecosystems.
Keywords: Nitrifying community, nitrite oxidizing bacteria, nitrogen fertilizer, nxrB,
Nitrospira, potential nitrite oxidation

1. Introduction

Nitrification, the oxidation of ammonium to nitrite and nitrate, mobilizes soil
nitrogen (N) and promotes N loss through nitrate leaching and denitrification, therefore
reducing N use efficiency in agricultural ecosystems (Norton, 2008). Autotrophic
nitrification has generally been thought to be a two-step process: ammonia oxidation to
nitrite by ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA),
and nitrite oxidation to nitrate by nitrite oxidizing bacteria (NOB). However, recent
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evidence surprisingly uncovers that certain Nitrospira, a diverse and widespread known
genus of the NOB, are able to convert ammonia to nitrate directly (Daims et al., 2015;
van Kessel et al., 2015). Since nitrifiers are generally slow growing and recalcitrant to
isolation, culture-independent molecular techniques, targeting 16S ribosomal RNA
(rRNA) or functional marker genes, have been used to investigate the quantity and
diversity of these organisms in natural and managed ecosystems. High throughput
sequencing of 16S rRNA genes may also be used to detect and characterize the diversity
of nitrifying groups in the bacterial and archaeal community without using specific
functional markers (Zhou et al., 2015). The amoA gene, which encodes the alpha subunit
of ammonia monooxygenase is present in both AOA and AOB, and is a frequently used
functional marker gene for ammonia oxidizers (Pester et al., 2012; Purkhold et al., 2000).
The genes encoding the alpha or beta subunit of nitrite oxidoreductase (nxrA or nxrB)
have also been developed to detect and quantify NOB in pure cultures and from
environmental samples (Pester et al., 2014). Functional marker genes of nitrifiers, such as
amoA and nxrB, often provide a higher phylogenetic resolution than 16S rRNA for
discriminating nitrifiers on the species, strain and ecotypelevels (Norton et al., 2002;
Pester et al., 2014; Pester et al., 2012; Purkhold et al., 2000).
N fertilization is an important agricultural management practice for crop
production. The application of N fertilizers exerts a significant influence on the nitrifying
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community in agricultural systems (Habteselassie et al., 2013; He et al., 2007; Jia and
Conrad, 2009; Ouyang et al., 2016; Shen et al., 2008; Zhou et al., 2015). AOB have
previously been found to be more responsive than AOA to N fertilization particularly
with ammonium based fertilizers (Carey et al., 2016; Ouyang et al., 2016). Previous
studies demonstrate that AOB dominantly contribute to nitrification in agricultural soils
with high ammonium inputs, while AOA were dominant in soils with low ammonium
concentrations (Jia and Conrad, 2009; Offre et al., 2009; Ouyang et al., 2016; Taylor et
al., 2013; Taylor et al., 2010; Xia et al., 2011; Zhang et al., 2010). Although the response
of ammonia oxidizers to N fertilization have been extensively examined, we have limited
information about the abundance and diversity of NOB in response to inorganic and
organic N fertilization.
In a previous study, we assessed the dynamic and diversity of AOA and AOB,
using amoA as marker gene, under organic and conventional N management, and showed
that the abundance and community of AOB, but not AOA, were significantly shifted by
three-year repeated mineral N fertilization (Ouyang et al., 2016). The objective of the
current study was to complement our previous examination using 16S rRNA gene marker
in the same field. We expected to find the similar results to our previous study. Since our
16S rRNA gene- based high throughput sequencing revealed that Nitrospira were the
only nitrite oxidizers recovered in our soil, newly developed gene marker, nxrB of
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Nitrospira (Pester et al., 2014), was used to expand our understanding of the abundance
and diversity of nitrite oxidizers under the contrasting N treatments. Understanding the
response of both ammonia oxidizers and nitrite oxidizers to N fertilization may initiate or
improve strategies for mitigating potential environmental impacts of nitrate production in
agricultural ecosystems.

2. Materials and methods

2.1 Soil characterization

The details of the agricultural site (North Logan, Utah, USA), experimental
design, treatments, soil sampling, and soil characteristics have been previously described
(Ouyang et al., 2016).. The experimental design is a randomized complete block with
four blocks and four nitrogen treatments: control (no N fertilization), ammonium sulfate
(AS 100 and 200 kg N ha-1), and steer-waste compost (200 kg total N ha-1). Treatments
were surface applied in May of each year and incorporated by tilling immediately after
application. The soil is an irrigated, very strongly calcareous Millville silt loam (Coarsesilty, carbonatic, mesic Typic Haploxeroll). Soils were sampled in August from 2011 to
2014, and soils were also sampled monthly from May to August during the growing
season of 2015. Six soil cores (0-15 cm depth, three cores in the intervals between rows
and three cores in the row between plants) were taken from each plot, composited and
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thoroughly mixed, and a sample of soil was stored at -80 °C immediately after soils were
brought to the laboratory.

2.2 Potential nitrite oxidation

We measured potential nitrite oxidation (PNO) for soils sampled monthly from
May to August of 2015. PNO was determined using a modified method of Wertz and
colleagues (2007). Samples of 3 g of fresh soil were placed in a 100 ml Erlenmeyer
flasks, and then 30 ml of a solution of NaNO2 (final 0.15 mM NaNO2) was added.
Preliminary experiments showed that there was no nitrite inhibition and enough nitrite
left after 24h with this added nitrite concentration. Flasks were covered with foil with
small hole and incubated at 30 °C for 24 h with shaking (200 rpm). After incubation for
1, 6, 20, and 24 h, 1.5 ml of the suspension was sampled using a pipette with a wide
mouth tip, and centrifuged (10,000 g) for 5 min. Supernatant was then transferred to a
new tube and the nitrite concentration in the supernatant was analyzed
spectrophotometrically using the Griess reagent (Mulvaney et al., 1996). The change in
nitrite was used to calculate the linear rate of nitrite consumption over the 24 h period.

2.3 Soil DNA extraction and real-time quantitative PCR

Soil DNA was extracted following the MoBio Power Soil DNA isolation protocol
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(MoBio Laboratories Inc, Carlsbad, USA) using 0.25 g moist soil. DNA in extracts was
quantified by using a NanoDrop spectrophotometer (NanoDrop Technologies,
Wilmington, DE). Quantitative PCR of Nitrospira nxrB gene using primers nxrB169R
and nxrB638F (Pester et al., 2014).was performed using the SsoAdvanced SYBR Green
Supermix and a CFX CONNECT Real-Time PCR Detection System (Bio-Rad
laboratories, Hercules, CA, USA). The standard curve was constructed with plasmids
containing a cloned nxrB product from environmental DNA (see clone library procedure
below). The 25 μl reaction mixture contained 12.5 μl SsoAdvanced SYBR Green
Supermix (Bio-Rad laboratories, Hercules, CA, USA), 0.5 μM of both reverse and
forward primers, and 10 μl of 10-fold diluted soil DNA extract. Amplifications were
carried out as follows: an initial denaturation step of 95 °C for 10 min, 40 cycles of 95 °C
for 45 s, 56.2 °C for 1 min, and 72 °C for 45 s, and a final extension step of 72 °C for 10
min. Fluorescence intensity was read during the 72 °C step of each cycle. Reaction
efficiencies ranged from 94%-105%, and R2 values ranged from 0.992-0.999.

2.4 Clone libraries of nxrB from soil DNA

Nitrospira nxrB genes were amplified with the same primers and amplification
conditions as mentioned above. Four clone libraries from the soils sampled on July 6
2015 were constructed for each treatment. The 25 μl PCR reaction mixture contained 1×
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PCR buffer (MgCl2 plus), 0.2 mM dNTPs, 1 μM of each forward and reverse primers,
0.05 U of enzyme (FastStart High Fidelity Enzymes Blend (Roche Life Sciences,
Branford, CT), and 2μl of template DNA. The PCR products were checked by agarose
gel electrophoresis and purified using a PCR clean up kit (Axygen). The purified PCR
products ligated into the pGEM Easy Vector and One Shot competent Escherichia coli
cells were transformed following the manufacturer’s instructions (TA Clone Systems,
Invitrogen, San Diego, CA, USA). The transformation products were plated on LB agar
containing kanamycin. For each treatment, more than 30 clones were randomly selected
and grown overnight in terrific broth. Plasmids were purified (Mo BIO Inc., Carlsbad,
CA) and analyzed for the correct insert, and plasmid DNA sent for sequencing from the
M13 primers in the vector. The sequences obtained were aligned and analyzed for
sequence similarity with the MegAlign program (DNASTAR, Inc., Madison, WI, USA).
The sequences were clustered into operational taxonomic units (OTU) based on 95%
sequence identity. Nitrospira nxrB gene representatives were trimmed to 420 bp and
aligned to an existing high–quality Nitrospira nxrB database (Pester et al., 2014) using
the ARB programs (Ludwig et al., 2004). A phylogenetic tree was constructed by
neighbor-joining using a Kimur 2-parameter distance with 1000 bootstrap replicates with
MEGA 6 (Tamura et al., 2013).
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2.5 Characterizing nitrifying community with 16S Illumina sequencing

The Illumina sequencing for partial 16S rRNA gene amplicons and bioinformatic
analysis were performed by the Joint Genome Institute US Department of Energy under
their Community Science Program and detailed method information is found in Chapter
4. The nitrifying community from soil samples, including AOA, AOB, and NOB, was
evaluated by screening these 16S rRNA gene sequences. The relative abundance of AOA,
AOB, NOB, and their individual OTUs were calculated by dividing their number by the
number of total 16S rRNA sequences for each sample (expressed as percent abundance).
The OTU representatives of NOB were selected to create a phylogenetic tree, constructed
by neighbor-joining using a Kimur 2-parameter distance with 1000 bootstrap replicates
with MEGA 6 (Tamura et al., 2013).

2.6 Statistical analysis

Statistical analysis of the effect of N treatment and year on AOA, AOB, NOB, and
selected OTU relative abundances was completed using two-way analysis of variance
(ANOVA) with the Proc Mixed model in SAS 9.2 (SAS Institute, Inc., Cary, NC, USA).
Treatment and year were used as fixed effects and block as a random effect. Data were
log transformed as necessary to meet normality assumptions. Repeated measurement
ANOVA was used to analyze effects of treatment on nxrB copy numbers and PNO rates
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for soils sampled in 2015. P values ≤ 0.05 were considered to be statistically significant.
The Bray-Curtis distance matrix was created by using the relative abundance of all OTU
from the nitrifying community. PCA and two-way PerMANOVA were conducted to
visualize and assess the Bray-Curtis distance matrix in the vegan package of R software
(http://www.r-project.org).

3. Results

3.1 Nitrifying community composition

The structure of nitrifying community was examined by screening 16S rRNA
gene sequences of AOA, AOB and NOB for Aug 2011 and Jun 2014 soil samples. We
obtained 30405, 11181, and 19203 sequence reads for AOA, AOB, and NOB,
respectively, with 19, 8, and 21 unique OTUs respectively. Soil nitrifiers represented
3~5% of total prokaryotic community (Fig 4-1). The relative abundance of soil nitrifiers
was not changed by N treatment in 2011, but it was significantly increased by AS
treatments, but decreased by compost treatment in 2014 (Table D1). Specifically, in
2014, AOB proportion was stronglyincreased by the AS treatments, and NOB proportion
was significantly reduced by compost treatment, but AOA proportion was unchanged by
N treatments (Fig 4-1& Table D1).
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Seven OTUs were selected that had relative abundances higher than 0.1%. All of
those seven OTUs showed no N treatment effect in 2011 (Fig 4-2 & Table D1). The
relative abundance of AOB OTU 23, related to Nitrosospira multiformis, was increased
significantly by the AS treatments in 2014. Three selected AOA OTUs, in the
Nitrososphaera cluster, were reduced by compost treatment in 2014. Illumina amplicon
sequencing targeting 16S rRNA gene showed that Nitrospira were the only nitrite
oxidizer recovered from all soil samples. The relative abundance of NOB OTU_13 was
decreased by all N fertilizers, and OTU_202 was increased by AS treatment while
OTU_276 was increased by compost treatment in 2014. The combined nitrifying
community structure was different between 2011 and 2014, and N treatment strongly
changed nitrifying community in 2014 as revealed by PCA (Fig 4-3). Two-way
PerMANOVA confirmed that nitrifying community composition was significantly
affected by year (p = 0.001), treatment (p = 0.001), and their interaction (p = 0.002).

3.2 The activity, abundance and diversity of Nitrospira

PNO rates ranged from 4 to 20 mg N kg-1 d-1. Repeated ANOVA analysis
indicated that both treatment (F = 116.72, p < 0.0001) and sampling time (F = 116.55, p <
0.0001) significantly influenced PNO rates, and there was also a treatment and sampling
time interaction effect (F = 11.86, p < 0.001). PNO rates were significantly increased by
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AS treatments, but unchanged by compost, compared with control treatment (Figure 44A). PNO rates were lowest for soils sampled before the annual fertilization on May-12,
regardless of N treatments. In addition, PNO rates were relatively high for soils sampled
from the AS treatments on Jun-15 compared to other sampling times. Nitrospira nxrB
copy numbers, ranged from 7.94 × 106 to 2.95 × 107 per gram of soil, showed no
treatment effect (F = 1.66, p = 0.24), but significant time effect (F = 72.70, p < 0.001).
Nitrospira nxrB copy numbers were highest at two weeks after fertilization across all N
treatments (Fig 4-4B). Nitrospira nxrB copy numbers were not significantly correlated
with PNO rates (r = 0.02, p = 0.89; Fig D1).
A comparison of the 16S rRNA gene of NOB and the nxrB gene showed similar
topologies for their phylogenetic trees (Fig 5-5). Clone library analysis of Nitrospira
nxrB gene indicated that there were 16 unique OTUs (95 % cut off). Phylogenetic
analysis indicated that those 16 OTUs were affiliated with five different Nitrospira
lineages (Fig 4-5B). The nxrB_5, belonged to Nimibia soil cluster 2, was the most
abundance OTU with 41 sequences. The next two abundant OTUs were nxrB_1 and
nxrB_7, with 7 and 8 sequences, respectively. Interestingly, we only detected about half
of these OTUs of Nitrospira nxrB by amplicon clone sequencing in the later non-targeted
metagenomic analysis (JGI data not shown).

151
4. Discussion

Illumina sequencing targeting 16S rRNA genes, provides comparable numbers of
sequence reads, compared to pyrosequencing of amoA genes in our previous study
(Ouyang et al., 2016), suggesting that high-throughput sequencing of 16S rRNA genes is
powerful to detect nitrifying community, even though they comprise only 0.1-2% of the
total microbial community. Therefore, the broader nitrifying community may be
examined using the 16S rRNA primers, but not the three different primers for amoA and
nxrB. However, the 16S rRNA gene has a lower phylogenetic resolution for some of the
closely related nitrifiers. For example, analysis of the AOB amoA indicated 20 different
OTUs from Nitrosospira, while 16S rRNA gene analysis revealed only one AOB OTU
which belongs to Nitrosospira. For example if we compare full-length amoA genes (825
bp) with 16S rRNA genes (1496) from Nitrosospira multiformis ATCC 25196 and
Nitrosospira sp. 24-C we find 98% identity in the aligned 16S rRNA sequences, but
approximately 88% identity in the full-length amoA gene (Norton et al., 2002). Since
97% identity is the threshold for representative OTU designation for 16S rRNA gene
sequences these two strains would fall into one group by this analysis but into separate
OTU based on the amoA gene analysis.
High-throughput sequencing of 16S rRNA genes enables to examine the changes
in relative frequencies of AOA, AOB, and NOB in the total microbial community.
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Similar to our previous work (Ouyang et al., 2016), AOB were more responsive than
AOA to four years of repeated application of ammonium N fertilizers. Interestingly we
observed a reduction in the relative abundance of AOA in compost treated soils, possibly
due to the increase of other microbial groups, such as Proteobacteria (see Chapter 6). We
also found that Nitrospira OTUs presented a variety of patterns in response to N
fertilization, indicating that the Nitrospira community may be physiologically diverse.
Previous studies targeting 16S rRNA genes have shown that N fertilization shifted
(Freitag et al., 2005) or had no impact (Wertz et al., 2012) on the community composition
of Nitrospira. More isolates of soil Nitrospira would be helpful to further understand the
physiology of these important and abundant bacteria.
Ammonia oxidation has generally been considered the rate-limiting step of
nitrification. Recent studies also showed that PNO was much higher than potential
ammonia oxidation (Ke et al., 2013). However, compared to our nitrification potentials
(NP), PNO rates were much lower than NPs in the same soil samples (Chapter 3). We
also measured the dynamic of nitrite during the NP assays for soils sampled in Aug. The
result showed that nitrite accumulated linearly during the 24 h shaking-period, with the
proportion increasing from 6 to 43% (Fig D2). Taken together, our observation suggested
that nitrite oxidation is the rate-limiting step during the NP assay with no-limited
ammonium availability and continuous shaking. It is noteworthy that the accumulation of
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nitrite during the NP assay may be not the case in the field. Ammonium availability is
limited in most of time in the field. Ammonia oxidation may also be constrained by the
diffusion in whole structured soils (Stark and Firestone, 1995).
It is interesting to observe that PNO was increased by AS but not compost. The
high nitrite concentration from ammonia oxidation shortly after AS fertilization may
stimulate the enzyme production of nitrite oxidoreductase. However, nxrB copy numbers
was not changed by either AS or compost. One of the reasons is that the genome of
Nitrospira often contains multiple copy numbers of nxrB, ranging from two to six copies
in current available Nitrospira genomes (Pester et al., 2014). Therefore, the total
detection of nxrB copy numbers may not reflect the actual changes in the abundance of
Nitrospira. In our study, PNO was not correlated with nxrB copy numbers. Attard et al.
(2010) reported that PNO was strongly and significantly correlated with the abundance of
Nitrobacter-like NOB, but weakly correlated with the abundance of Nitrospira-like NOB.
Clone library analysis of Nitrospira nxrB gene indicated that there were 16 unique
OTUs (95 % cut off). Pester et al. (2014) reported that 10 to 946 Nitrospira species were
detected in variety of soils. Phylogenetic analysis indicated that those 16 OTUs were
affiliated with five different Nitrospira lineages. Clone libraries, with about 100
sequences in this study, provided limited information about the diversity of Nirospira.
Ongoing investigation witha higher depth of sequencing for Nitrospira nxrB in soil from
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the replicated field plots will further examine the diversity of Nitrospira nxrB and their
response to inorganic and organic N fertilizers.
In summary, our investigation of nitrifying community using 16S rRNA gene
marker complemented previous reports using amoA gene marker, supporting that fouryear repeated N fertilization but not one year significantly changed the relative
abundance and community composition of nitrifying organisms. Inorganic N fertilizers
strongly stimulated the rates of potential nitrite oxidation. N fertilizers, regardless of
inorganic or organic, had no significant effect on the abundance of nxrB of Nitrospira,
although the abundance of nxrB showed a significant temporal variation. Nitrite oxidizers
were found to be dominated by Nitrospira by both 16S rRNA and nxrB sequencing.
Ongoing high throughput sequencing of thenxrB from Nitrospira in our replicated N
treatment field plots will further clarify the effect of contrasting N fertilizers on the
diversity of the genes encoding the nitrite oxidoreductase in Nitrospira.
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Fig. 4-1. Relative abundance of nitrifying populations based on differences in 16S rRNA
genes for four N treatments (control (no N fertilization), ammonium sulfate (AS 100 &
200 kg N ha-1), and compost (200 kg N ha-1)). Error bars represent standard errors (n = 4).
Different letters above the bars indicate a significant different in total nitrifying
populations in 2014. Abbreviation: AOA- ammonia oxidizing archaea, AOB- ammonia
oxidizing bacteria, NOB- nitrite oxidizing bacteria.
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Fig. 4-2. The relative abundance of partial 16S rRNA OTUs of nitrifying populations
(relative abundance > 0.1%) among four N treatments in Aug-2011 (A) and Jun-2014 (B)
soil samples. Error bars represent standard errors (n = 4). Different lowercases above the
bars indicate a significant difference among treatments in a specific year (p < 0.05), based
on two-way ANOVA.
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Fig. 4-3. Principal coordinate analysis based on the abundance of 16S rRNA gene OTUs
of all nitrifying populations. Shapes denote treatment (square = Control, circle = AS100,
up triangle = AS200, star = Compost). Fill denote sampling time (open = 2011, solid =
2014).
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Fig. 4-4. Nitrite oxidation potentials in 2015 over four months (A). N treatment were
applied on Jun 1 2016. Nitrite oxidation potential was measured by soil slurry assay
supplemented with 0.15 mM NO2-. Error bars represent standard errors (n = 4). Different
letters above the bars indicate a significant difference among treatments in a specific
sampling time (p < 0.05), based on repeated measures ANOVA. (B) Abundance of
Nitrospira nxrB gene copy numbers (log10 transformed) across four N treatments. Error
bars represent standard errors (n = 4).
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Fig. 4-5. Neighbor joining tree for representative NOB 16S rRNA gene OTUs (A). OTUs
from this study are shown in bold. The scale bar represents nucleic acid sequence
divergence, and bootstrap values (> 50%) are showed at branch points.
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Fig.4-5. Continued

Neighbor joining tree for representative Nitrospira nxrB gene OUT (B). OTUs from this
study are shown in bold. The scale bar represents nucleic acid sequence divergence, and
bootstrap values (> 50%) are showed at branch points.
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CHAPTER V
RESPONSE OF SOIL MICROBIAL COMMUNITY STRUCTURE AND
NITROGEN MINERALIZATION FUNCTIONS TO ORGANIC AND
INORGANIC NITROGEN FERTILIZERS4
Abstract
Soil extracellular enzymes play a significant role in the N mineralization process
but we have limited knowledge about the linkage between enzyme activities and the
communities of microbes that perform the function. This study examined the effects of
inorganic and organic N fertilization on soil microbial communities and their N
mineralization functions over four years. Soils were collected from silage corn field plots
with four contrasting N treatments: control (no additional N), ammonium sulfate (AS,100
& 200 kg N ha-1), and compost (200 kg N ha-1). The soil prokaryotic and fungal
communities were comprehensively assessed using Illumina amplicon sequencing of
genes for 16S rRNA and the fungal intergenic transcribed spacer (ITS). The abundance
and diversity of selected genes involved in N mineralization were examined using
quantitative real-time PCR and pyrosequencing. Enzymes and relevant marker genes
included protease (npr and sub), chitinase (chiA), urease (ureC). Compost significantly
increased the diversity of prokaryotic communities even after the first year of application,
4
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while ammonium fertilizers had no influence on the prokaryotic communities over four
seasons. Fungal communities showed no changes in composition and diversity among N
treatments. Compost treatment strongly elevated soil enzyme activities after four-years of
repeated application. Functional gene abundances were not significantly affected by N
treatments, and they were not correlated with their corresponding enzyme activities.
Understanding how the structure and function of soil microbial communities change in
response to different N fertilization practices may help select suitable agricultural
management practices to improve ecosystem services and reduce negative environmental
consequences.
Keywords: N fertilization, compost, microbial diversity, soil enzyme activity, N
transformation rates, protease, urease, chiA, sub, npr, ureC.

1. Introduction

Human input of chemical nitrogen (N) fertilizers to agricultural systems has
increased more than 10 fold in the past 50 years to increase the yield of crops and prevent
food shortage for a growing human population (Robertson and Vitousek, 2009).
However, excessive and repeated use of chemical N fertilizers may result in water and air
pollution, soil degradation including reductions in soil organic matter and soil pH
(Geisseler and Scow, 2014), and increases in nitrate leaching and reactive N gas
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production (Robertson and Vitousek, 2009). Therefore, avoiding the combination of high
external N inputs with low N use efficiency remains a major concern for the
sustainability of agro-ecosystems (Spiertz, 2010; Tilman et al., 2002). Application of
organic N fertilizers such as compost and manure is one effective strategy to improve soil
quality and functionality (Diacono and Montemurro, 2010; Edmeades, 2003) while
maintaining N supply.
Soil microorganisms play a crucial role in the maintenance of soil fertility, and
they are often sensitive to N fertilization and management. Ammonium fertilizers
contribute a large, but transient flush of ammonium upon application, while organic N
sources show a slow ammonium release pattern due to N mineralization (Shi et al., 2004).
Therefore, mineral and organic N fertilization may exert different influences on soil
microbial communities (Chu et al., 2007; Enwall et al., 2007; Hamm et al., 2016;
Lazcano et al., 2013; Marschner et al., 2003; Sun et al., 2015). Repeated mineral N
fertilization has been shown to decrease bacterial and fungal diversity (Chen et al., 2016;
Ding et al., 2016; Paungfoo-Lonhienne et al., 2015; Zhou et al., 2016). These studies
were mainly conducted in long-term field fertilization experiments and provided limited
information about the temporal response of the soil microbial community. . In addition,
most previous studies have focused on prokaryotic communities, providing limited
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information for the important fungal component. It is unclear whether N fertilization has
distinct effects on the soil prokaryotic and fungal communities.
A wide variety of microbial-derived extracellular enzymes mediate the
depolymerization of the large N-containing polymers to monomers and ammonium
(Schimel and Bennett, 2004). Most previous studies have focused on the environmental
factors and agricultural management practices influencing the enzymatic activities
involved in N mineralization (Álvaro-Fuentes et al., 2013; Bandick and Dick, 1999;
Bowles et al., 2014; Burns et al., 2013; Ge et al., 2010). However, specific enzyme
activities (such as protease and urease activity) do not identify the microbial species
directly involved in the measured process, leaving the link between the composition of
the microbial community and the production of key enzymes poorly understood. The
development of real-time PCR and high throughput sequencing may provide important
information about the abundance and diversity of microorganisms involved in N
mineralization (Baraniya et al., 2016; Fuka et al., 2008; Kielak et al., 2013).
Therefore, this study aimed to examine the short-term (< 5 years) effects of
inorganic and organic N management on soil microbial community composition, the
abundance of functional genes involved in N mineralization, N transformation rates, and
soil enzyme activities in replicated field plots. We hypothesized that soil microbial
community and soil enzyme activities would differentially respond to inorganic and
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organic N fertilization. In addition, we also assess the linkage between soil microbial
communities and N mineralization functions in this context of contrasting N
management. Understanding how the structure and function of soil microbial
communities change in response to different N fertilization practices is essential
information for the selection of suitable agricultural management practices that improve
the ecosystem services and reduce negative environmental consequences.

2. Materials and methods

2.1 Soil characterization

The details of the agricultural site (North Logan, Utah, USA), experimental
design, treatments, soil sampling, and soil characteristics have been previously described
(Ouyang et al., 2016) or in Chapter 2. Briefly, the experimental design is a randomized
complete block with four blocks and four nitrogen treatments: control (no N fertilization),
ammonium sulfate (AS 100 and 200 kg N ha-1), and steer-waste compost (200 kg total N
ha-1). Treatments were surface applied in May of each year and incorporated by tilling
immediately after application. The soil is an irrigated, very strongly calcareous Millville
silt loam (Coarse-silty, carbonatic, mesic Typic Haploxeroll). Soils were sampled in
August from 2011 to 2014, and soils were also sampled monthly during the growing
season of 2014. Six soil cores (0-15 cm depth, three cores in the intervals between rows
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and three cores in the row between plants) were taken from each plot, composited and
thoroughly mixed, and a sample of soil was stored at -80 °C immediately after soils were
brought to the laboratory.

2.2 Gross and net N transformation rates

Gross N transformation rates were determined in laboratory incubations using N15
pool dillution for soil sampled in August 2014. Three well-mixed 40 g dry-weight
equivalent subsamples were weighed into plastic specimen cups. Then, 1.6 ml of 15NH4+
solution (containing 1.69 mM (15NH4)2SO4 at 98 atom % 15N) or 15NO3− solution
(containing 3.33 mM K15NO3 at 99 atom % 15N) were added to the soils and carefully
mixed, creating a final soil water content of 0.18 kg kg-1. The quantity of 15N added
approximately doubled the soil NH4+ or NO3− pool. Immediately following soil mixing,
one subsample was harvested and extracted with 2 M KCl to determine NO3−
concentration and 15N enrichment at time-0. The other subsample was placed in 1-L
Mason jars with lids containing butyl rubber septa and with 1 ml water at the bottom of
the jar to minimize loss of moisture from the soil. Jars were incubated for 48 h at 25°C
before extraction in 2M KCl. Soil NH4+ or NO2- + NO3- were measured with a flow
injection analyzer (QuikChem 8500, methods 12-107-06-1-A, 12-107-04-1-J Lachat
Instrument, Loveland, CO). The extracts were prepared for 15N analyses using a diffusion
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procedure described in Stark and Hart (1996), and the 15N enrichment was measured by
continuous-flow direct dry combustion and mass spectrometry with an ANCA 2020
system (Europa Scientific, Cincinnati, OH). Gross N transformation rates were calculated
using the equation of Norton and Stark (2011). Net mineralization and nitrification was
determined by a 21-day incubation. Fifteen grams of moist soil (0.18 kg kg-1 water
content) in a plastic specimen container was placed in a 1-L Mason jar with a lid
containing butyl rubber septum and 1 ml water at the bottom. Soil was extracted with 2
M KCl before and after incubation. Headspace CO2 was measured at 3 days, 7 days, 14
days, and 21 days by a gas chromatograph with a thermal conductivity detector to
determine the soil respiration rate.

2.3 Soil enzyme activities

We measured soil enzyme activity for protease (EC 3.4.21), arginase (EC 3.5.3.1),
urease (EC 3.5.1.5), and β-glucosaminidase (EC 3.21.30), dehydrogenase (EC 1.1.1), acid
phosphatase (EC 3.1.3.2) and alkaline phosphatase (EC 3.1.3.1). The method to measure
protease activity was modified from Brzostek and Finzi (2011). For native protease assay,
initial and incubated subsamples received 50 mM sodium acetate buffer (pH 5.5). For
potential protease assay, 0.6% casein was added to the sodium acetate buffer.
Immediately after reagent addition, the activity in control samples was terminated while
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the incubated subsamples were placed into an incubator at 30°C for 2 hours. Enzyme
activities in the control and incubated subsamples were terminated by the addition of
trichloroacetic acid mixture. Protease activity was calculated from the difference between
amino acid concentrations in the incubated and control subsamples using the OPAME
method with 96-well black plate (Darrouzet-Nardi et al., 2013; Jones et al., 2002). The
assay for the activity of arginase was based on that of Bonde et al. (2001). Soil slurries
were incubated with final concentration of 1.0 mM L-arginine at 30°C for 1 hours. The
ammonium concentration was quantified using Hach reagent kit (Sinsabaugh et al.,
2000). The assay of urease activity was modified from Gianfreda et al. (1994). Fresh soil
was mixed with 0.1 M phosphate buffer at pH 7.2 with 0.2 M urea in 50 ml centrifuge
tubes and maintained at 30 °C for 2 hours. After incubation, 2M KCL was added and the
mixture kept at 4 °C for 10 min to stop the enzymatic reaction. Suspensions were
centrifuged at 8000 RPM for 10 min at 4 °C and the ammonium concentration was
determined by the Lachat Autoanalyser as above. The assay of the activity of βglucosaminidase was followed as Parham and Deng (2000). Fresh soil was mixed with
sodium acetate buffer (pH 5.5) and p-nitrophenyl-N-Acetyl-β-D-glucosaminide solution
in 50 ml centrifuge tubes and kept at 30 °C for 1 h. Enzyme activities of dehydrogenase,
acid phosphatase and alkaline phosphatase were measured at 37 °C as described by
(Tabatabai, 1994).
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2.4 Soil DNA extraction and real-time quantitative PCR

Soil DNA was extracted using a MoBio PowerSoil DNA isolation kit (MoBio
Laboratories Inc, Carlsbad, USA). DNA extracts were quantified by using the QuantiTTM PicoGreen dsDNA BR Assay Kit (Molecular Probes, Inc. Eugene OR, USA)
according to the manufacturer’s protocol. Quantitative PCR of genes encoding
enzymes involved in soil N mineralization was performed using the SsoAdvanced
SYBR Green Supermix and a CFX CONNECT Real-Time PCR Detection System
(Bio-Rad laboratories, Hercules, CA, USA). We measured the abundance of genes
encoding subtilisin (sub), neutral metalloprotease (npr), chitinase (chiA), and urease
(ureC) for soil sampled in Jun and Aug 2014. Primers, amplification conditions,
efficiencies, and calibration standards are summarized in Table E1. Standard curves
were constructed with plasmids containing cloned gene products from genomic DNA
of bacterial isolates (ureC, sub, and chiA) or from environmental DNA (npr), and R2
values ranged from 0.990 to 0.999 for all genes targeted. Duplicate assays for each
gene and calibration standard series were measured in a single run.

2.5 Pyrosequencing and data analysis for ureC

Sequencing of the ureC amplicon libraries was accomplished for soils sampled in
Aug 2013 using the 454 GS Flex Titanium system (Roche Life Sciences, Branford, CT).
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Amplicons of partial ureC gene was obtained with the ureC1F and ureC2R primers
(Koper et al.,2004), but with 10 bp barcodes and linkers added to the forward primer. The
PCR was run for each of the replicate soil DNA extracts but each treatment was pooled
for sequencing as it used the same barcode. The 25 μl PCR reaction mixture contained 1
× PCR buffer (MgCl2 plus), 0.2 mM dNTPs, 1 μM of each forward and reverse primers,
0.05 U of enzyme (FastStart High Fidelity Enzymes Blend (Roche Life Sciences,
Branford, CT), and 2μl of template DNA. Amplification was carried out as follows: an
initial denaturation step of 94 °C for 5 min, 30 cycles of 94 °C for 1 min, 60 °C for 1 min,
and 72 °C for 2 min, and a final extension step of 72 °C for 10 min. The PCR products
were checked by agarose gel electrophoresis, and cleaned by Agencourt AMPure XP
(Beckman Coulter, Inc.). The DNA concentration of the purified PCR product was
measured using the Quant-iTTM PicoGreen dsDNA BR Assay Kit (Molecular Probes, Inc.
Eugene OR, USA) according to the manufacturer’s protocol. Finally, the purified PCR
products were pooled in equal molar amounts and then sequenced unidirectionally from
the forward primer on a GS FLX+/XLR70 Instrument according to the manufacturer’s
protocol (Roche Life Sciences, Branford, CT).
The bioinformatic analysis was performed using QIIME (Caporaso et al., 2010).
Raw pyrosequencing data was split based on the barcodes, and the sequences with low
quality (quality score < 25, length < 300 bp) were removed. The obtained sequences were
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further denoised (Reeder and Knight, 2010), and then submitted to RDP pipeline using
the FrameBot tool to fix frame shifts for ureC genes (Wang et al., 2013). The remaining
quality-screened sequences were clustered into operational taxonomic unit (OTU) based
on 80, 85 and 90% sequence identity. For the 90% cutoff value analysis, the most
abundant sequence from each OTU was chosen as a representative sequence.
Representative sequences were trimmed and aligned with reference sequences retrieved
from GenBank. These sequences were then translated to their respective protein
sequence. A phylogenetic tree was constructed using neighbor-joining and the Kimur 2parameter distance with 1000 replicates for bootstrap values using the MEGA 6 software
(Tamura et al., 2013).

2.6 PCR amplification and Illumina sequencing

The variable V4 region of the 16S ribosomal rRNA gene (16S) was amplified
with 515F and 816R universal primers for prokaryotic organisms (Caporaso et al., 2012).
The Internal Transcribed Spacer (ITS) region of the fungal nuclear ribosomal RNA
operon (ITS2) was amplified using ITS9F and ITS4R primers (Lindahl et al., 2013). The
16S and ITS2 amplicon sequencing was performed on an Illumina MiSeq instrument
(Illumina Inc., San Diego, CA, USA).
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The Illumina raw reads were processed using a custom pipeline developed at the
Joint Genome Institute (Coleman-Derr et al., 2016). Raw reads were first quality-filtered,
and then the high quality sequences were clustered into operational taxonomic units
(OTUs) based on 97% and 95% identity for prokaryotic and fungal datasets, respectively,
using the UPARSE pipeline (Edgar, 2013). Taxonomies were assigned to each OTU
using the RDP Classifier with a confidence threshold of 0.60 (Wang et al., 2007). For
diversity analyses, all samples were randomly rarefied to 1000 reads per sample to
compare differences between samples. Alpha-diversity and beta- diversity (Weighted
UniFrac distance matrix for prokaryotic community and Bray-Curtis distance matrix for
fungal community) were then calculated using the QIIME pipeline (Caporaso et al.,
2010). Principal coordinates analysis (PCA) and two-way PerMANOVA were conducted
to visualize and assess the distances matrices in vegan package of R software
(http://www.r-project.org).

2.7 Statistical analysis

Statistical analysis for seasonal dynamics of soil enzyme activities was analyzed
using repeated measures analysis of variance (ANOVA) with Proc Mixed model.
Treatment and year were used as fixed effects and block as a random effect. Data were
log transformed as necessary to meet normality assumptions. Two-way ANOVA was
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used to analyze effect of treatment and time on functional gene abundances and alphadiversity of prokaryotic and fungal communities. One-way ANOVA followed by Tukey’s
HSD was performed to compare soil biological properties measured in Aug 2014.
Pearson correlation coefficients were determined for the relationships among microbial
communities, functional gene abundance, and enzyme activities. ANOVA and Pearson
correlation were carried out with the SAS 9.2 software (SAS Institute, Inc., Cary, NC,
USA).

3. Results

3.1 Soil N transformation rates and enzyme activities

In August 2014, N treatments significantly affected most measured soil N
transformation rates and enzyme activities, although there was no significant difference
for gross mineralization rate, gross ammonium consumption rate, and potential protease
activity (Table 5-1). Gross nitrification, net N mineralization, and net nitrification had a
higher rate in AS and compost treatments, compared to the control, but showed no
difference between AS and compost treatments. Control and compost treatments had
higher gross nitrate consumption rates than AS treatments. Compared to other treatments,
compost was significant higher in soil respiration rate, native protease activity, β-
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glucosaminidase activity, arginase activity, urease activity, dehydrogenase activity, acid
phosphatase activity, and alkaline phosphatase activity.
Both N treatments and sampling time showed significant effects on potential
protease activity, native protease activity, β-glucosaminidase activity, arginase activity,
and urease activity (Fig. 5-1 & Table E2). Generally, those five enzymes had a much
higher activity in compost than other N treatments (Fig. 5-1). However, enzymes showed
different patterns in temporal variation over sampling time. Potential and native protease
activity increased through the growing season, and had higher activities in September and
October. In contrast β-glucosaminidase activity was relative constant throughout the
season. Arginase and urease activities were lowest in July.

3.2 Abundance and diversity of selected genes involved in N mineralization

N treatment and sampling time showed no significant effect on the abundance of
the four functional genes related to N mineralization in 2014 (Fig. 5-2 and Table E3). The
mean values of the abundance of sub, npr, chiA, and ureC were 3.8 × 107, 2.7 × 105, 2.2×
108, 9.7 × 107 copies per gram of dry soil, respectively. Pearson correlation analysis
indicated that there was no significant correlation between the abundance of these
functional genes and the corresponding enzyme activity (Table E4).
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The abundance of ureC was repeatedly measured in Aug from 2011 to 2014.
Repeated measures ANOVA indicated that year (p < 0.01), but not N treatment (p =
0.43), significantly changed the abundance of ureC, with an increase from 3.2 × 107 per
gram of dry soils in 2011 to 1.08 × 108 per gram of dry soils in 2014 (Fig. 5-3).
Pyrosequencing was use to examine the diversity and structure of the ureolytic
community by targeting ureC. Our quality screening resulted in 58,521 high-quality reads
in a high number of OTU dependent on identity cut-off value (Table E5). No difference
was observed for the alpha diversity among N treatments. Ongoing high throughput
sequencing of the ureC from our replicated field plots analyzed individually will further
clarify the effect of contrasting N fertilizers on the diversity of the genes encoding urease.

3.3 Composition of prokaryotic community

Across all soil samples, we detected 45 distinct prokaryotic phyla, although only
eleven bacterial and one archaeal phyla were the most prevalent (> 1%) (Fig. 5-4A).
Proteobacteria, Actinobacteria, Acidobacteria, Bacteroidetes, and Gemmatimonadetes
were the five most abundant phyla, which comprised more than 75% of the relative
abundance of the prokaryotic community. Two-way ANOVA indicated that the relative
abundance of Proteobacteria, Actinobacteria, and Acidobacteria were significantly
changed by N treatments (Table E6). Actinobacteria, and Acidobacteria abundances were
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decreased by compost in 2011, while Proteobacteria abundance was increased by
compost in 2014 (Fig. E1). The abundances of those dominant phyla of the prokaryotic
community were significantly influenced by sampling time (Table E6). For example,
Acidobacteria, Bacteroidetes, and Verrucomicrobia abundances increased, while
Actinobacteria and Fimicutes abundances decreased from 2011 to 2014 (Fig. E1). For the
fungal community, we detected 23 classes belonging to 6 phyla. Ascomycota and
Basidiomycota were the most abundant phyla, with 88% and 10% of total relative
abundance, respectively. The relative abundances of Ascomycota and Basidiomycota
were not affected by N treatment and year (Table E6).
The most dominant taxonomic groups (>1%) from the prokaryotic and fungal
communities were selected to examine the impacts of N fertilization on microbial
taxonomic groups (class to genus level). The effect size of the N treatment on the relative
abundance of dominant groups was calculated as (N treatment - control) / control. There
was no similar pattern in N treatment effect sizes for groups from the prokaryotic
community in 2011 (Fig. E2). However, in 2014, the effect sizes from the compost
treatment were clustered differently from those of AS100 and AS200 treatments (Fig. 55). Several groups in the Proteobacteria, including Sinobacteraceae, Betaproteobacteria,
Rhodospirillaceae, were increased by compost treatment, while some other groups, such
as Candidatus Nitrososphaera and Gemmatimonas, were increased by AS treatments.
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Although there was little effect of N fertilizer treatment on the genus level of fungal
communities (Fig. E3&4), Conocybe, Prathoda, and Ascobolus were often increased by
N fertilization in both 2011 and 2014.
N treatment but not year significantly influenced the alpha diversity of the
prokaryotic community (Table 5-2). Compost treatment increased Chao1, observed
OTUs, and Shannon diversity in both 2011 and 2014. Fungal community had a lower
alpha diversity than the prokaryotic community. Both treatment and year had no effect on
the alpha diversity of the fungal community (Table 5-2).
Prokaryotic community structure as revealed by Weighted UniFrac distance was
grouped differently between 2011 and 2014, and compost treatment was distinct from AS
and control treatments in both years (Fig. 5-6A). Two-way PerMANOVA further
confirmed that prokaryotic community structure was significantly affected by year (p =
0.001) and treatment (p = 0.008). Fungal community structure as revealed by Bray-Curtis
distance was also grouped distinctively between 2011 and 2014 (Fig. 5-6B).
PerMANOVA showed fungal community composition was affected by year (p = 0.001)
but not treatment (p = 0.26).
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4. Discussion

In this study, the application of the organic N fertilizer (steer compost)
significantly changed the structure of the prokaryotic community, this change was
detected after the first year’s application. Compost strongly increased the richness and
diversity of the prokaryotic community. This observation is consistent with most previous
studies (Chaudhry et al., 2012; Enwall et al., 2007; Hamm et al., 2016; Marschner et al.,
2003; Sun et al., 2015). The elevated diversity of prokaryotic community in compost
treated soils was partly due to stimulation in growth of native soil prokaryotes by high
available nutrients and diverse organic carbon fractions (Saison et al., 2006), or partly
due to the direct introduction of exogenous prokaryotic species to the soils (Semenov et
al., 2009), although those microbes originating from compost might be less competitive
with native soil prokaryotes over the long-term (Hamm et al., 2016; Sun et al., 2015).
Although previous studies reported that mineral N fertilization decreased the
diversity of prokaryotic community in agricultural soils (Chaudhry et al., 2012; Ding et
al., 2016; Ramirez et al., 2010), our results showed that mineral N fertilization had no
effect on the diversity and structure of prokaryotic community. This observed stability
may be related to the agricultural management history. Our field plots were repeatedly
planted with wheat and received urea as N sources for the decade before 2011. This
cultivation with crop monoculture and repeated urea fertilization may homogenize the

182
microbial community that is resistant to change due to mineral N fertilization (Griffiths
and Philippot, 2013).
Compared to the prokaryotic community, the fungal community response to N
fertilization is poorly known. Our study used high-throughput sequencing and found that
N fertilization, regardless of inorganic or organic N fertilizers, showed no influence on
the composition of fungal community and the relative abundance of fungal populations.
Therefore, our observations suggest that the fungal community may be resistant to N
amendments in our agricultural soils. However, some recent studies reported that longterm inorganic N fertilization significantly altered the composition of fungal communities
(Paungfoo-Lonhienne et al., 2015; Zhou et al., 2016), and changed the relative abundance
of a wide range of fungal taxa (Chen et al., 2016; Paungfoo-Lonhienne et al., 2015).
We found that both prokaryotic and fungal community significantly varied
between 2011 and 2014. Soil microbial communities often show strong seasonal and
inter-annual variability (Shade et al., 2013). Duncan et al. (2016) reported the
considerable changes in bacterial community between two years in fields planted with
corn. Lauber et al. (2013) found that soil community composition was variable over time
in agricultural soils, and the changes in communities were positively correlated with soil
moisture and temperature.
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In our study, the application of compost increased soil enzyme activities, which is
consistent with observations showing that organic amendments significantly increase
enzyme activities (Bowles et al., 2014; Mäder et al., 2002; Moeskops et al., 2010). This is
possibly due to stimulation of microbial growth and related increases in the activity of
extracelluar enzyme-organo complexes (Nannipieri et al., 2012). However, we found that
the abundances of functional genes involved in N mineralization were not affected by N
treatments, and that the abundance of functional genes involved in N mineralization did
not correlate with their corresponding soil enzyme activities. The lack of correlation
between the abundance of functional genes and their corresponding enzyme activities
may be attributed to several factors. First, primers used to target the functional genes did
not cover all of the microbial community responsible for the specific enzyme functions.
For example, there are many different groups of protease (Vranova et al., 2013), but only
limited proteolytic gene primers have been developed and identified for soil microbiome,
including serine peptidase (sub) and neutral metallopeptidase (npr) (Bach et al., 2001). In
addition, the primer pairs used in our study did not include the fungal community.
Metagenomic analysis for the both prokaryotic and fungal communities may provide
better coverage for the functional groups producing the specific enzymes. Second, DNAbased analyses do not differentiate inactive from active members of the soil community.
Proteomic or RNA-based techniques may be more appropriate to link the abundance of
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active functional groups with their corresponding enzyme function (Nannipieri et al.,
2012). Third, production of extracellular enzymes is regulated by genes encoding the
corresponding enzyme, but once they are secreted out of the cells, their stabilization and
degradation are controlled by physical and chemical conditions of the environment
(Burns et al., 2013). Fuka et al. (2008) reported that a significant correlation between sub
and npr genes and potential protease was only found for sandy soils but not clay soil.
In summary, the application of organic N fertilizer, but not inorganic N fertilizer,
increased the diversity of the prokaryotic community and the activities of soil enzymes.
The composition and diversity of the fungal community and the abundance of functional
genes involved in N mineralization were not affected by the N treatments, regardless of
inorganic and organic forms. The abundance of functional genes was not correlated with
the corresponding enzyme activities. Our study suggested a differential response of
prokaryotic and fungal communities to organic N fertilizers. Metagenomics or highthroughput sequencing targeting functional genes including those from fungi are needed
to provide the information that links enzyme activity to the responsible members of the
microbial community.
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Tables and figures
Table 5-1
Soil N transformation rates and enzyme activities in Aug 2014 (Mean values,
n = 4, lowercase letters indicate significant differences among treatments, p < 0.05).
Rate or Activity

Control

Treatment
AS100
AS200

Compost

GMR (mg N kg-1 d-1)

1.32

1.83

1.40

1.40

GACR (mg N kg-1 d-1)

2.51

2.88

2.14

2.71

GNR (mg N kg-1 d-1)

0.50 a

0.67 ab

1.00 b

0.99 b

GNCR (mg N kg-1 d-1)

0.60 b

0.25 a

0.23 a

0.80 b

NMR (mg N kg-1 d-1)

0.30 a

0.46 b

0.50 b

0.52 b

NNR (mg N kg-1 d-1)

0.36 a

0.49 b

0.54 b

0.53 b

RR (mg CO2-C kg-1 d-1)

7.21 a

7.81 a

7.32 a

11.45 b

0.93

1.06

1.05

1.15

Potential protease (mg N kg-1 h-1)
Native protease (mg N kg-1 h-1)
β-glucosaminidase (mg pnitrophenol kg-1 h-1)

0.47 a

0.54 a

0.55 a

0.64 b

10.23 a

11.78 ab

14.54 b

18.70 c

Arginase (mg N kg-1 h-1)

1.35 a

1.37 a

1.49 a

1.92 b

Urease (mg N kg-1 h-1)

7.04 a

7.32 a

7.93 a

9.32 b

Dehydrogenase (mg TPF kg-1h-1)
2.35 a
2.50 a
3.01 ab
3.82 b
Acid phosphatase (mg pnitrophenol kg-1 h-1)
39.90 a
42.95 a
51.76 ab
63.05 b
Alkline phosphatase (mg pnitrophenol kg-1 h-1)
150.95 a 158.78 a
178.12 ab
189.50 b
Abbreviation: GMR-gross mineralization rate, GACR-gross ammonium consumption
rate, GNR-gross nitrification rate, GNCR-gross nitrate consumption rate, NMR-net
mineralization rate, NNR-net nitrification rate, RR-respiration rate.
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Table 5-2
Alpha diversity of soil prokaryotic and fungal communities cross N treatments (Mean
values, N=4, lowercase letters indicate significant differences among treatments, p<0.05).
Targets Treatment

16S

ITS

Chao1
2011

2014

Observed OTUs

Shannon

2011

2014

2011

2014

Simpson
2011 2014

Control

5170 a 4709a

3901a

3474a

9.67ab 9.58

0.99

0.99

AS100

5196 a 5406ab

4002a

3980ab

9.73ab 9.55

0.99

0.99

AS200

4861a

5018a

3792a

3730ab

9.53a

9.48

0.99

0.99

Compost

5780b

5804b

4408b

4342b

9.85b

9.68

0.99

0.99

Control

527

579

429

469

5.27

4.44

0.95

0.78

AS100

577

612

464

471

5.25

4.07

0.94

0.76

AS200

478

611

393

472

4.45

5.00

0.81

0.90

Compost

481

637

371

520

3.73

4.35

0.75

0.75
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Fig. 5-1. Soil enzyme activities across four N treatments. Error bars represent standard
errors (n = 4). Different letters above the bars indicate a significant difference among
treatments in a specific month (p < 0.05), based on repeated measures ANOVA.
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Fig. 5-2. Abundance of genes encoding subtilisin (sub), neutral metalloprotease (npr),
chitinase (chiA), and urease (ureC) across four N treatments in 2014.
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Fig. 5-3. Abundance of ureC.gene copy numbers (log10 transformed) across four N
treatment from soils sampled in August of 2011 to 2014.
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Fig. 5-4. Relative abundance of the dominant phyla (>1%) for prokaryotic (A) and fungal
(B) communities. The category “other” indicates the combined relative abundance of rare
phyla.
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Fig. 5-5. Heatmap of treatment effect sizes of the relative abundances of dominant taxonomic
groups (> 1%) in the prokaryotic community for soil sampled in Jun 2014. Treatment effect size
of the relative abundance of dominant taxonomic group was calculated as (N treatment control)/control.
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Fig. 5-6. Principal coordinate analysis based on the Weighted UniFrac distance of
prokaryotic community (A) and the Bray-Curtis distance of fungal community (B).
Shapes denote treatment (square = Control, circle = AS100, up triangle = AS200, star =
Compost). Fill denote sampling time (open = 2011, solid = 2014).
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CHAPTER VI

SOIL ENZYME ACTIVITIES AND ABUNDANCE OF MICROBIAL
FUNCTIONAL GENES INVOLVED IN N TRANSFORMATIONS IN AN
ORGANIC FARMING SYSTEM5

Abstract
Organic farming systems receive organic amendments to maintain soil fertility
and supply nutrients for plant growth. However, there is little information about the
response of soil nitrogen (N) cycling functions and functional genes to different quality
and quantity of organic amendments. This study investigated the effect of organic
fertilizers (control, compost, and manure), and their interaction with cover crops (millet,
buckwheat, and legume) on soil enzyme activities, N transformation rates and functional
gene abundances under an organic production system. Organic N fertilizers had a
stronger effect than cover crops on soil functions and functional gene abundances. Soil
enzyme activities were increased by both compost and manure, but there was no
difference between compost and manure. Nitrification potential, nitrite oxidation
potential, and denitrification potential in manure treatment were significantly higher than
those in control and compost treatment, indicating the application of manure had a higher

5

Yang Ouyang, Jennifer Reeve, Jeanette Norton
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N loss potential than compost application in this organic farming system. Organic N
fertilizers significantly increased the abundance of genes encoding subtilisin (sub), urease
(ureC), bacterial ammonia monooxygenase (amoA), nitrite oxidoreductase (nxrB), but
had no effect on the abundance of genes encoding neutral metalloprotease (npr), chitinase
(chiA), or archaeal ammonia monooxygenase (amoA). The activity of ammonia oxidizing
bacteria and archaea were both increased by organic N fertilizers, and their activities
were higher in manure treatment than those in compost treatment. Overall, the abundance
of functional genes was significantly correlated with the corresponding enzyme activity.
However, functional gene abundances were less important than soil biochemical
properties to explain the variation in their corresponding enzyme activities.
Keywords: Organic N management, compost, manure, cover crop, soil enzyme
activities, microbial functional genes, nitrification.

1. Introduction

Organic farming systems rely on soil organic matter (SOM) to maintain soil
fertility and supply nutrients for plant growth (Watson et al., 2002). Multiple organic
management practices, such as the application of composts and manure, crop rotations,
and cover crops, have been shown to increase soil organic matter and improve soil
physical, chemical, and biological conditions (Reeve et al., 2016). Soil organic matter
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turnover and nutrient cycling is driven by soil microbial communities. Numerous studies
have reported that organic amendments strongly increase soil microbial biomass, activity,
and functional diversity (Carrera et al., 2007; Diacono and Montemurro, 2010; Mäder et
al., 2002; Nair and Ngouajio, 2012; Ng et al., 2014; Reeve et al., 2010; Treonis et al.,
2010). However, little is known about how the quantity and quality of organic
amendments (e.g. cover crops, manure, and compost) influence soil microbial activity
and function. More specifically, the relative influence of livestock manure versus
compost, in combination with different cover crops, has not previously been assessed in
the context of organic management practice.
Optimal organic N fertility managements depend on matching of soil N supply
with plant demand (Reeve et al., 2016; Spiertz, 2010). Availability of N from SOM and
organic amendments is the result of coupled N mineralization and nitrification (Norton
and Schimel, 2011; Norton and Stark, 2011). One important process in N mineralization
is depolymerization, which breaks down the large N-containing polymers to monomers
such as amino acids and amino sugars (Schimel and Bennett, 2004). The further step is to
cleave those monomers to ammonium (ammonification). These steps are carried out by
primarily microbial-derived extracellular enzymes (Ladd and Jackson, 1982). Most
previous studies have focused on the environmental factors and agricultural management
practices influencing the enzymatic activities involved in N mineralization (Álvaro-
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Fuentes et al., 2013; Bandick and Dick, 1999; Bowles et al., 2014; Burns et al., 2013; Ge
et al., 2010). However, specific enzyme activities (such as protease and urease activity)
do not identify the microbial species directly involved in the measured process, leaving
the link between abundance of the microbial community and regulation of key enzymes
poorly understood. Assessment of selected genes encoding key enzymatic functions may
help us further understand the ecology of the microbial community involved in soil N
mineralization (Fuka et al., 2008; Koper et al., 2004; Nannipieri et al., 2012; Phillips et
al., 2015).
The internal soil N cycle links N mineralization to nitrification, the biological
oxidation of ammonium to nitrite and nitrate. The first step of autotrophic nitrification is
mediated by ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA).
AOB and AOA co-exist in most agricultural soils, and AOA often outnumber AOB
(Leininger et al., 2006), but the controls on their relative contribution to nitrification
remains unclear. AOB dominantly contribute to the nitrification in agricultural soils with
high ammonium inputs (Jia and Conrad, 2009; Ouyang et al., 2016; Taylor et al., 2013;
Taylor et al., 2010; Xia et al., 2011), while AOA are dominant in soils with continuous
low ammonium supplied through mineralization of organic nitrogen (Offre et al., 2009;
Ouyang et al., 2016; Zhang et al., 2010). Until now, we have little information about how
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organic amendments with different qualities affect AOA and AOB abundance and
activity under organic production systems.
In this study, we examine the activities of eight soil enzymes involved in C, N, P
cycling; N transformation rates (net N mineralization, net nitrification, nitrification
potentials, nitrite oxidization potentials, and denitrification potentials), and abundance of
several genes associated with N mineralization and nitrification in soils from an organic
production system (Table 6-1). Our primary objective was to compare the effects of
organic N amendments and cover crops on soil N enzyme activities, transformation rates,
and functional gene abundances in this organic farming system. We expected that soil
microbial characteristics would be different dependent of N management practices. In
addition, we aimed to evaluate the relative contribution of AOA and AOB to nitrification
potential using a differential inhibitor, 1-octyne (Taylor et al., 2015; Taylor et al., 2013).
We hypothesized that AOA would dominate nitrification potential under organic
amendments treatments. Finally, we were interested to assess the relative importance of
soil biochemical properties and functional gene abundances in regulating the activities of
selected N transformation enzymes.
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2. Materials and methods

2.1 Soils

A field project to maximize soil quality and economic return in certified organic
farming under Utah conditions was established at the Greenville Research Farm in North
Logan, Utah (41°46' N, 111°49'W) in the fall of 2007. The soil is a Millville Silt Loam
with a pH of 7.8-8.2. The trial consists of three different rotations incorporating three
different cover crops with or without manure or compost in a completely randomized
block design with split plot. Cover crop is the main plot (buckwheat, millet, legume),
crop rotation the sub plot and fertility treatment the sub-sub plot (compost, manure,
nothing) each with three replicates. Each main plot is 27 m long and 11 m wide. Each
rotation differs in level of farming intensity (no. of cash crops grown, and input intensity,
fertilizers applied one, two or three times in a four-year rotation). For the purpose of this
proposed study we used the most intensive rotation: potatoes, cover crops, beans, sweet
corn. Fertilizers were applied two times per season for potato and sweet corn. For each
fertilization, field plots received annual application of 224 kg/ha total N either in the form
of a high C: N ratio compost, lower C: N ratio cattle manure or no amendment control.
The plots are irrigated with an overhead sprinkler irrigation system.
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Soil samples (0-15 cm) were collected in Oct 2014 (after bean harvest), in Jul
2015 (six weeks after fertilization), and in Oct 2015 (after corn harvest). Six soil cores
were randomly taken from each plot, composited and thoroughly mixed, and about 10 g
sample of soil was stored at -80 °C immediately after soils were brought to the
laboratory. Soil ammonium, nitrate, and amino acids were extracted with 2M KCl,
ammonium and nitrate were measured with flow injection colorimetric methods
(QuikChem 8500 Lachat instruments), and amino acid concentrations were measured
using the OPAME method with 96-well black plate (Darrouzet-Nardi et al., 2013; Jones
et al., 2002). The soil moisture was determined by drying soils at 105 °C for 24 h. Soil
samples were then sieved (2.0 mm) and stored at 4 °C or air-dried for other
measurements. Soil pH was determined on a 1:2 soil-water suspension. Soil organic C
and total N were determined by dry combustion (PrimacsSLC for organic carbon,
PrimacsSN for total N, Skalar, Inc, GA, USA).

2.2 Microbial biomass carbon and nitrogen

Microbial biomass carbon (MBC) and nitrogen (MBN) was measured using the
chloroform fumigation extraction method (Vance et al., 1987). Soil samples were
fumigated with chloroform for 3 days. Organic C and N was extracted from with 0.5 M
K2SO4 and filtered through Whatman 1 filter papers. Organic C was analyzed on a
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Dohrmann Phoenix 8000 UV-persulfate oxidation analyzer (Tekmar-Dohrmann,
Cincinnati, OH). Organic N was measured using alkaline persulfate oxidation (Cabrera
and Beare, 1993). No correction factors were applied for both MBC and MBN.
Extractable organic C (EOC) and N (EON) were quantified in un-fumigated samples.

2.3 Soil enzyme activities

We measured enzyme activities for protease (EC 3.4.21), arginase (EC 3.5.3.1),
urease (EC 3.5.1.5), and β-glucosaminidase (EC 3.21.30), dehydrogenase (EC 1.1.1), acid
phosphatase (EC 3.1.3.2) and alkaline phosphatase (EC 3.1.3.1). The method to measure
protease activity was modified from Brzostek and Finzi (2011). For native protease assay,
initial and incubated subsamples received 50 mM sodium acetate buffer (pH 5.5). For
potential protease assay, 0.6% casein was added to the sodium acetate buffer. After the
reagent addition, the initial samples were immediately terminated and the incubated
subsamples were placed into an incubator at 37 °C for 2 hours. Enzyme activities in the
initial and incubated subsamples were terminated by the addition of trichloroacetic acid.
Protease activity was calculated from the difference between amino acid concentrations
in the incubated and initial subsamples using the OPAME method with 96-well black
plate (Darrouzet-Nardi et al., 2013; Jones et al., 2002). The assay for the activity of
arginase was based on that of Bonde et al. (2001). Soil slurries were incubated with final
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concentration of 1.0 mM L-arginine at 37°C for 1 hours. The ammonium concentration
was quantified using Hach reagent kits (Sinsabaugh et al., 2000). The assay of the
activity of urease was modified from Gianfreda et al. (1994). Fresh soil was mixed with
0.1 M phosphate buffer at pH 7.2 and 0.2 M urea solution in 50 ml centrifuge tubes and
kept at 37 °C for 2 hours. After incubation, 2M KCL was added and the mixture kept at 4
°C for 10 min to stop the enzymatic reaction. Suspensions were centrifuged at 8000 RPM
for 10 min at 4 °C and the ammonium concentration was determined by the Lachat
Autoanalyser as above. The assay of the activity of β-glucosaminidase was followed as
Parham and Deng (2000). Fresh soil was mixed with sodium acetate buffer (pH 5.5) and
p-nitrophenyl-N-acetyl-β-D-glucosaminide solution in 50 ml centrifuge tubes and kept at
37 °C for 1 h. Enzyme activities of dehydrogenase, acid phosphatase and alkaline
phosphatase were measured at 37 °C as described by (Tabatabai, 1994).

2.4 N transformation rates

Net mineralization and nitrification was determined by a 21-day incubation.
Fifteen grams of moist soil (0.18 kg kg-1 water content) in a plastic specimen container
was placed in a 1-L Mason jar with 1 ml water at the bottom of it to minimize loss of
moisture from the soil. Soil was extracted before and after incubation at 25°C.
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Nitrification potentials were determined by the shaken soil slurry method in
phosphate buffer with ammonium sulfate (1.0 mM NH4+-N) (Norton and Stark, 2011).
The detailed protocol is described in Ouyang et al. (2016). The differential inhibitor 1octyne was used to distinguish the contribution of AOA and AOB in these NP assays
(Taylor et al., 2015; Taylor et al., 2013). Nitrification activity in the presence of octyne
was considered to be contributed by AOA (which are octyne-resistant), and the difference
between nitrification activity with and without octyne was considered to be contributed
by AOB (octyne-sensitive).
Potential nitrite oxidation was determined using a modified method of Wertz and
colleagues (2007). Samples of 3 g of fresh soil were placed in a 100 ml Erlenmeyer
flasks, and then 30 ml of a solution of NaNO2 (final 0.15 mM NaNO2) was added.
Preliminary experiments showed that there was no nitrite inhibition and enough nitrite
left after 24 h with this added nitrite concentration. Flasks were covered with foil with
small hole and incubated at 30 °C for 24 h with shaking (200 rpm). After incubation for
1, 6, 20, and 24 h, 1.5 ml of the suspension was sampled using pipette with a wide mouth
tip, and centrifuged (10,000 g) for 5 min. Supernatant was then transferred to a new tube
and nitrite concentration in the supernatants were analyzed spectrophotometrically using
the Griess reagent (Mulvaney et al., 1996). The change in nitrite was used to calculate the
linear rate of nitrite consumption over the 24 h period.
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Denitrification potential was determined using the acetylene blockage technique
(Tiedje, 1994). Sample of 10 g of field moist soil was added in bottles (~155 mL) with
caps fitted with butyl stoppers, and treated with 10 ml solution of 1 mM glucose and 1
mM KNO3. Bottles were then sealed and a vacuum was applied to the headspace of
bottles for 1 min, flushed with N2 gas for 2 min, and repeated twice. An overpressure of
15 mL acetylene was added to block the conversion of N2O to N2, and then the bottles
were placed on a shaker (120 rpm) at 25 °C. Gas samples (6 mL) were collected at 15,
30, 45, 60 min. Immediately after sampling, 6 mL of N2 was added to the same bottle to
maintain adequate overpressure for sampling. N2O concentrations were measured on an
Agilent 6850 Series II gas chromatograph with an ECD detector.

2.5 Soil DNA extraction and real-time quantitative PCR

Soil DNA was extracted using a MoBio PowerSoil DNA isolation kit (MoBio
Laboratories Inc, Carlsbad, USA). DNA extracts were quantified by using the Quant-iTTM
PicoGreen dsDNA BR Assay Kit (Invitrogen) according to the manufacturer’s protocol.
Quantitative PCR of was performed using the SsoAdvanced SYBR Green Supermix and
a CFXCONNECT Real-Time PCR Detection System (Bio-Rad laboratories, Hercules,
CA, USA). Genes encoding enzymes involved in soil N mineralization and nitrification
include subtilisin (sub), neutral metalloprotease (npr), chitinase (chiA), urease (ureC),
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bacterial and archaeal ammonia monooxygenase (amoA), and nitrite oxidoreductase
(nxrB). Primers, amplification conditions, efficiencies, and calibration standards are
summarized in Table 6-1. Standard curves were constructed with plasmids containing
cloned gene fragments from genomic DNA of bacterial isolates (ureC, sub, chiA,
bacterial amoA) or from environmental DNA amplicons (npr, archaeal amoA, Nitrospira
nxrB), and R2 values ranged from 0.990 to 0.999 for all genes targeted. Duplicate assays
for each gene and calibration standard series were measured in a single run.

2.6 Statistical analysis

Statistical analysis of the effects of N treatment, cover crops, and sampling time
on soil biochemical properties, soil enzyme activities, N transformation rates, and
functional gene abundance were analyzed using split-plot with whole plots in blocks with
repeated measures by GLIMMIX model. Data were log transformed as necessary to meet
normality assumptions. Pearson correlation coefficients were determined between
biochemical properties and soil enzyme activities; biochemical properties and functional
gene abundance, and functional gene abundance and corresponding enzyme activity.
ANOVA and Pearson correlation were carried out with the SAS 9.2 software (SAS
Institute, Inc., Cary, NC, USA) with p≤0.05 considered to be statistically significant.
Principal components analysis (PCA) and three-way PerMANOVA were
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conducted for biochemical properties, soil functions (soil enzyme activities and N
transformation rates), and soil functional gene abundances separately to visualize and
assess the Bray-Curtis distances matrices. Data were log transformed to meet normality
assumptions. Canonic correspondence analysis (CCA) was used to evaluate relationships
between biochemical properties and soil functions or functional gene abundances.
Forward selection of soil biochemical properties was performed to determine a
parsimonious set of explanatory variables. Canonical variation partitioning was used to
determine the respective effects of biochemical properties and functional gene
abundances on soil functions, and significance was tested by ANOVA. PCA and CCA
were carried out in vegan package of R software (http://www.r-project.org).

3. Results

3.1 Soil biochemical characteristics

Generally, both N treatment and sampling time, but not cover crops, strongly
affected soil biochemical properties (Table 6-2). Compared to control treatment, organic
N fertilizers significantly increased soil organic C, total N, nitrate, EOC, EON, MBC,
MBN and DNA, but reduced soil pH. While many of these soil properties showed no
difference between compost and manure treatments, soil organic C was significantly
higher in the compost treatment than in manure treatment, and nitrate was strongly higher
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in the manure treatment. Soil ammonium, amino acid concentration, and ratio of MBC to
MBN were not affected by N treatment. Soils sampled in Jul 2015 showed a higher
nitrate, EON, and MBN, but lower pH, compare to other two sampling time. In addition,
EOC was much higher for soils sampled in Oct 2015.

3.2 Soil enzyme activities and N transformation rates

The activities of eight soil enzymes were all increased by organic N fertilizers, but
most of them showed no difference between compost and manure treatments (Figure 6-2
and Table F1). Compared to compost treatment, manure treatment had a significant
higher dehydrogenase activity for soil sampled in Jul 2015, and higher urease activity for
soils sample in Jul and Oct 2015. Except β-glucosaminidase, other soil enzyme activities
were also strongly influenced by sampling time. Five out of eight enzymes had a higher
activity for soils sampled in Oct 2015. Cover crop treatments had no significant influence
on activities of enzymes.
N transformation rates were often higher in soils sampled in Jul 2015 (Figure 6-3
and Table F1). Although net N mineralization and nitrification showed no difference
between compost and manure treatment for soils sample in Oct 2014 and Oct 2015, they
were significantly higher in manure treatment than that in compost treatment for soils
sampled in Jul 2015. NP, octyne-sensitive NP, octyne-resistant NP, potential nitrite
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oxidation, and denitrification potential showed the similar N treatment effect: they were
lowest in control, medium in compost, and highest in manure. Octyne-resistant fraction
ranged from 33% to 52%, and organic N fertilizers decreased octyne-resistant fraction,
compared to the control treatment (Figure F1).
PCA analysis using soil enzyme activities and N transformation rates together
indicated both significant sampling time and N treatment effect (Figure 6-5A), but not
cover crop treatment effect (data not show). Three-way PerMANOVA confirmed that soil
enzyme activities and N transformation rates were significantly affected by N treatment
(R2 = 0.52, p = 0.001) and sampling time (R2 = 0.27, p = 0.001), but not cover crop
treatments (R2 = 0.01, p = 0.15). Pearson correlation analysis indicated that most of those
soil enzyme activities and N transformation rates were significantly correlated with
organic C, soil pH, extractable nitrate, EOC, EON and MBC, MBN (Table 6-3). CCA
indicated that individual properties of organic C, pH, extractable nitrate, EOC, EON, and
MBC were significantly associated with soil enzyme activities and N transformation rates
(Figure 6-6A).

3.3 Abundance of genes related to N mineralization and nitrification

All measured functional gene abundances were strongly affected by sampling
time (Figure 6-4 and Table F1). Organic N fertilizers significantly stimulated the
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abundance of sub, ureC, bacterial amoA, and nxrB. Abundance of other three genes: chiA,
npr, archaeal amoA were not affected by N treatments. PCA and PerMANOVA indicated
that sampling time (R2 = 0.49, p = 0.001) and N treatment (R2 = 0.12, p = 0.001), not
cover crop treatment (R2 = 0.01, p = 0.25), significantly influenced functional gene
capacity (Figure 6-5B). Except for sub, abundances of other genes were significantly
correlated with the corresponding enzyme activities (Table 6-4). Most of those gene
abundances were correlated with organic C, soil pH, extractable nitrate, and EON (Table
6-5). CCA indicated that individual properties of pH, extractable nitrate, organic C, EOC,
MBC, ammonium, and amino acid were significantly associated with functional gene
capacity (Figure 6-6B). Canonical variation partitioning revealed that functional gene
abundances were less important than soil biochemical properties to explain the variation
in corresponding enzyme activity (Table F2).

4. Discussion

In current study, soil enzyme activities were increased by compost and manure.
This is consistent with other studies, reporting that organic amendments significantly
increased enzyme activities (Bowles et al., 2014; Mäder et al., 2002; Moeskops et al.,
2010), possibly due to the stimulation of microbial growth and the increase in the activity
of the extracelluar enzyme-organo complex (Nannipieri et al., 2012). We also found that
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there was no difference between compost and manure for soil enzyme activities. Since
compost had a higher C to N ratio than manure, and compost and manure were added to
the soils based on the same amount of N content, we expected to detect greater organic C
and enzyme activities in soils under compost treatment. This is true for organic C, but not
enzyme activities. The findings of no difference for microbial biomass, and abundance of
functional genes encoding N mineralization enzymes between manure and compost,
suggest that microbial growth may play a more important role than SOM in regulating
soil enzyme activities.
Extractable nitrate, nitrification potential, nitrite oxidation potential, and
denitrification potential in manure treatment were significantly higher than those in
control and compost treatment, suggesting the application of manure had a higher N loss
potential. Organic amendments often increase soil N2O loss in comparison with mineral
fertilizers (Rochette et al., 2004). This is because organic amendments had high amounts
of available C and N that stimulate higher microbial growth and oxygen limitation further
creates soil anaerobic conditions for denitrification (Thangarajan et al., 2013). Similar
enzyme activities between compost and manure treatments, but higher N loss potential
for manure treated soil suggest compost would be a better organic N source in our
organic farming system, although their role in N supply for plant growth needs to be
evaluated.
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Organic N fertilizers had a stronger effect than cover crops on soil enzymes, N
transformation rates, and functional gene abundances. This is consistent with Nair and
Ngouajio (2012), who found that microbial activity and functional diversity were more
responsive to compost applications than cover crop incorporation. However, it should be
noted that our cover crop treatments were applied two years before soil measurements.
We might observe a stronger cover crop effect shortly after incorporation.
Soil enzyme activities, N transformation rates, and microbial functional gene
abundance showed significant temporal variability. Six weeks after fertilization, we
observed three N pools (nitrate, EON, and MBN) and N transformation rates were higher
than those at the later season, indicating that organic amendments stimulated N
transformation rates shortly after the application. In addition, during this short period,
plants were too small to take up most of the N, therefore available N accumulated in the
soils, which may cause a hot spot of N loss due to high amounts of nitrate (Groffman et
al., 2009). In order to improve N use efficiency in this organic system, it might be
appropriate to grow and rotate some nitrification inhibitor producing cover crops to
control nitrification, and therefore delay nitrate production (Subbarao et al., 2015).
Interestingly, we found that activities of soil N acquisition enzymes were much higher in
the later season of 2015. The observed high amount of EOC, possibly provided by root
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turnover and root exudation, might stimulate the production of N acquisition enzymes
(Kotroczó et al., 2014; Sinsabaugh et al., 2008).
Assessment of the abundance functional genes provides useful information about
the dynamics and ecology of the microbial community responsible for N transformation
(Lammel et al., 2015; Levy-Booth et al., 2014). The incorporation of functional gene
abundances might improve the performance of process models (Graham et al., 2014). In
our study, organic N fertilizers significantly increased the abundance of sub, ureC,
bacterial amoA, and nxrB, but had no effect on the abundance of npr, chiA, and archaeal
amoA. Furthermore, N functional gene abundance was often significantly correlated with
its corresponding soil enzyme activities or N transformation rates. Other studies also
reported a significant correlation between microbial functional genes and enzyme activity
involved in C or N cycling (Petersen et al., 2012; Reeve et al., 2010; Trivedi et al., 2016),
although the complexity of whether genes are adequately inclusive of the broad function
of N transformation and whether the presence of the gene means anything about its
transcription and translation must be considered (Fuka et al., 2008; Rocca et al., 2015).
Trivedi et al. (2016) found that the functional gene abundance was the best predictor for
the variations in the C-cycling enzymes, comparing to total C, pH, and microbial
communities. However, canonical variation partitioning revealed that functional gene
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abundances were less important than soil geochemical properties to explain the variation
in corresponding enzyme activity.
In current study, we observed that the abundance of npr, but not sub, was
significantly correlated with protease activity. There are many different groups of
proteases (Vranova et al., 2013). Different proteolytic genes have been identified in soil,
including serine peptidase (sub) and neutral metallopeptidase (npr) (Bach et al., 2001).
Sakurai et al. (2007) found that the composition of npr-expressing bacterial communities
was the most important in determining overall soil protease activity. Other studies
suggested that sub and npr gene abundances were often correlated with potential protease
activity (Brankatschk et al., 2011; Fuka et al., 2008). In our study, chiA gene abundances
were not changed by organic N fertilizers. Previously, it has been noted that chiA gene
abundances were stimulated by chitin addition (Kielak et al., 2013). For ureC, we found
that organic N fertilizers strongly increased its abundance, compared to control treatment.
Microarray-based metagenomics studies showed that ureC gene was broadly distributed
in different soils, and it significantly correlated with other N-cycling genes, like gdh
(gene encoding glutamate dehydrogenase) and amoA (Yang et al., 2014; Yang et al.,
2013). However, there is only limited data on the abundance and diversity of ureC genes
in soil communities (Singh et al., 2009).
We observed higher abundance of AOA compared to AOB, but AOA was not
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influenced by organic N fertilizers. However, other studies found that AOA abundance
increased with the application of manure or compost (Ai et al., 2013; Jiang et al., 2014;
Sun et al., 2015a). This contradictory result might reflect that other organic management
practices, such as crop rotation and cover crop, also provide a large amount of organic
matter to support the growth of AOA in control treatment in our study. AOB abundance
was elevated by both compost and manure, therefore ratios of AOA to AOB were higher
in the control than organic N fertilizers treated soils. The decrease of AOA to AOB ratios
in organic N treated soils is consistent with other studies (Jiang et al., 2014; Sun et al.,
2015b), which also found that the ratio of AOA to AOB was determined by the
fluctuation of AOB abundance.
Interestingly, both octyne-resistant and octyne-sensitive NP rates were increased
by compost and manure, and manure had a higher rate than the compost treatment. We
also found that AOA and AOB abundance were significantly correlated with total NP, or
octyne-resistant and octyne-sensitive NP, respectively. Octyne-resistant fraction indicated
that AOA contributed 33% to 52% to NP. Together, those results suggested that both
AOA and AOB were important contributor for nitrification under organic management
practices. In our previous study, we observed that AOA contributed only about 20% to
NP in soils treated with the same compost, but planted continuously with silage corn
(Ouyang et al., 2016). In addition, similar to the ratio of AOA to AOB, octyne-resistant
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fraction of total NP was reduced with the addition of organic amendments, indicating the
higher contribution of AOA to nitrification under control treatment. Using the same
assumption described in Ouyang et al. (2016), we calculated ammonia oxidation rate of
AOB and AOA were about 29.77 and 0.47 fmol NH3 oxidized cell-1 h-1, respectively. This
are similar to specific rates found for AOB and AOA pure cultures, and estimated rates
from soils.
In our soil, only Nitrospira was recovered in 16S rRNA gene analysis (data not
shown). PNO and abundances of nxrB were both increased by organic N fertilizers,
especially in July. Previous work indicated that the abundance of Nitrospira was
stimulated following N fertilization in rhizosphere soils (Ke et al., 2013). The application
of organic N fertilizers not only support Nitrospira growth through increased availability
of nitrite driving chemolithotrophy but may also stimulate their growth through
mixotrophic or heterotrophic metabolism (Koch et al., 2015; Lücker et al., 2010).

5. Conclusion

Compost and manure organic amendments had similar soil enzyme activity,
microbial biomass, and abundance of functional N cycle genes in our organic farming
system. Manure significantly increased nitrification potential, nitrite oxidation potential,
and denitrification potential, indicating a higher N loss potential from the soils profile.
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Organic N amendments had a stronger effect than cover crops on soil enzymes, N
transformation rates, and functional gene abundances. Organic N fertilizers significantly
increased the abundance of sub, ureC, bacterial amoA, and nxrB, but had no effect on the
abundance of npr, chiA, and archaeal amoA. The activity of AOB and AOA were
increased by organic amendments, and their activities were higher in manure treated soil
than in compost or control soils. Overall, functional gene abundances were significantly
correlated with the corresponding enzyme activities. However, functional gene
abundances were less significant than the soil’s biogeochemical properties to explain the
variation in corresponding enzyme activities.

Acknowledgments

We would like to thank Craig Marlen Rice and Jeremiah Moore for laboratory
and field assistance. This work was supported by grants from the USDA NIFA Award
2011-67019-30178.

References
Ai, C., Liang, G., Sun, J., Wang, X., He, P., Zhou, W., 2013. Different roles of
rhizosphere effect and long-term fertilization in the activity and community structure
of ammonia oxidizers in a calcareous fluvo-aquic soil. Soil Biology and
Biochemistry 57, 30-42.
Álvaro-Fuentes, J., Morell, F., Madejón, E., Lampurlanés, J., Arrúe, J., Cantero-Martínez,
C., 2013. Soil biochemical properties in a semiarid Mediterranean agroecosystem as

223
affected by long-term tillage and N fertilization. Soil and Tillage Research 129, 6974.
Bach, H.J., Hartmann, A., Schloter, M., Munch, J.C., 2001. PCR primers and functional
probes for amplification and detection of bacterial genes for extracellular peptidases
in single strains and in soil. Journal of Microbiological Methods 44, 173-182.
Bandick, A.K., Dick, R.P., 1999. Field management effects on soil enzyme activities.
Soil Biology and Biochemistry 31, 1471-1479.
Bonde, T.A., Nielsen, T.H., Miller, M., Sorensen, J., 2001. Arginine ammonification
assay as a rapid index of gross N mineralization in agricultural soils. Biology and
Fertility of Soils 34, 179-184.
Bowles, T.M., Acosta-Martínez, V., Calderón, F., Jackson, L.E., 2014. Soil enzyme
activities, microbial communities, and carbon and nitrogen availability in organic
agroecosystems across an intensively-managed agricultural landscape. Soil Biology
and Biochemistry 68, 252-262.
Brankatschk, R., Toewe, S., Kleineidam, K., Schloter, M., Zeyer, J., 2011. Abundances
and potential activities of nitrogen cycling microbial communities along a
chronosequence of a glacier forefield. The ISME Journal 5, 1025-1037.
Brzostek, E.R., Finzi, A.C., 2011. Substrate supply, fine roots, and temperature control
proteolytic enzyme activity in temperate forest soils. Ecology 92, 892-902.
Burns, R.G., DeForest, J.L., Marxsen, J., Sinsabaugh, R.L., Stromberger, M.E.,
Wallenstein, M.D., Weintraub, M.N., Zoppini, A., 2013. Soil enzymes in a changing
environment: Current knowledge and future directions. Soil Biology & Biochemistry
58, 216-234.
Cabrera, M.L., Beare, M.H., 1993. Alkaline Persulfate Oxidation for Determining Total
Nitrogen in Microbial Biomass Extracts. Soil Science Society of America Journal 57,
1007-1012.
Carrera, L.M., Buyer, J.S., Vinyard, B., Abdul-Baki, A.A., Sikora, L.J., Teasdale, J.R.,
2007. Effects of cover crops, compost, and manure amendments on soil microbial
community structure in tomato production systems. Applied Soil Ecology 37, 247255.

224
Darrouzet-Nardi, A., Ladd, M.P., Weintraub, M.N., 2013. Fluorescent microplate
analysis of amino acids and other primary amines in soils. Soil Biology and
Biochemistry 57, 78-82.
Diacono, M., Montemurro, F., 2010. Long-term effects of organic amendments on soil
fertility. A review. Agronomy for Sustainable Development 30, 401-422.
Fuka, M.M., Engel, M., Gattinger, A., Bausenwein, U., Sommer, M., Munch, J.C.,
Schloter, M., 2008. Factors influencing variability of proteolytic genes and activities
in arable soils. Soil Biology and Biochemistry 40, 1646-1653.
Ge, G., Li, Z., Fan, F., Chu, G., Hou, Z., Liang, Y., 2010. Soil biological activity and
their seasonal variations in response to long-term application of organic and
inorganic fertilizers. Plant and Soil 326, 31-44.
Gianfreda, L., Sannino, F., Ortega, N., Nannipieri, P., 1994. Activity of free and
immobilized urease in soil: Effects of pesticides. Soil Biology and Biochemistry 26,
777-784.
Graham, E.B., Wieder, W.R., Leff, J.W., Weintraub, S.R., Townsend, A.R., Cleveland,
C.C., Philippot, L., Nemergut, D.R., 2014. Do we need to understand microbial
communities to predict ecosystem function? A comparison of statistical models of
nitrogen cycling processes. Soil Biology and Biochemistry 68, 279-282.
Groffman, P.M., Butterbach-Bahl, K., Fulweiler, R.W., Gold, A.J., Morse, J.L., Stander,
E.K., Tague, C., Tonitto, C., Vidon, P., 2009. Challenges to incorporating spatially
and temporally explicit phenomena (hotspots and hot moments) in denitrification
models. Biogeochemistry 93, 49-77.
Jia, Z.J., Conrad, R., 2009. Bacteria rather than Archaea dominate microbial ammonia
oxidation in an agricultural soil. Environmental Microbiology 11, 1658-1671.
Jiang, Y., Jin, C., Sun, B., 2014. Soil aggregate stratification of nematodes and ammonia
oxidizers affects nitrification in an acid soil. Environmental Microbiology 16, 30833094.
Jones, D.L., Owen, A.G., Farrar, J.F., 2002. Simple method to enable the high resolution
determination of total free amino acids in soil solutions and soil extracts. Soil
Biology and Biochemistry 34, 1893-1902.

225
Ke, X., Angel, R., Lu, Y., Conrad, R., 2013. Niche differentiation of ammonia oxidizers
and nitrite oxidizers in rice paddy soil. Environmental Microbiology 15, 2275-2292.
Kielak, A.M., Cretoiu, M.S., Semenov, A.V., Sørensen, S.J., van Elsas, J.D., 2013.
Bacterial Chitinolytic Communities Respond to Chitin and pH Alteration in Soil.
Applied and Environmental Microbiology 79, 263-272.
Koch, H., Lücker, S., Albertsen, M., Kitzinger, K., Herbold, C., Spieck, E., Nielsen, P.H.,
Wagner, M., Daims, H., 2015. Expanded metabolic versatility of ubiquitous nitriteoxidizing bacteria from the genus Nitrospira. Proceedings of the National Academy
of Sciences 112, 11371-11376.
Koper, T.E., El-Sheikh, A.F., Norton, J.M., Klotz, M.G., 2004. Urease-encoding genes in
ammonia-oxidizing bacteria. Applied and Environmental Microbiology 70, 23422348.
Kotroczó, Z., Veres, Z., Fekete, I., Krakomperger, Z., Tóth, J.A., Lajtha, K., Tóthmérész,
B., 2014. Soil enzyme activity in response to long-term organic matter manipulation.
Soil Biology and Biochemistry 70, 237-243.
Ladd, J.N., Jackson, R.B., 1982. Biochemistry of ammonification, In: Stevenson, F.J.
(Ed.), Nitrogen in Agricultural Soil. American Society of Agronomy, Madison, WI,,
pp. 173-227.
Lammel, D.R., Feigl, B.J., Cerri, C.C., Nüsslein, K., 2015. Specific microbial gene
abundances and soil parameters contribute to C, N, and greenhouse gas process rates
after land use change in Southern Amazonian Soils. Frontiers in microbiology 6,
1057.
Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G.W., Prosser, J.I.,
Schuster, S.C., Schleper, C., 2006. Archaea predominate among ammonia-oxidizing
prokaryotes in soils. Nature 442, 806-809.
Levy-Booth, D.J., Prescott, C.E., Grayston, S.J., 2014. Microbial functional genes
involved in nitrogen fixation, nitrification and denitrification in forest ecosystems.
Soil Biology and Biochemistry 75, 11-25.
Lücker, S., Wagner, M., Maixner, F., Pelletier, E., Koch, H., Vacherie, B., Rattei, T.,
Damsté, J.S.S., Spieck, E., Le Paslier, D., 2010. A Nitrospira metagenome
illuminates the physiology and evolution of globally important nitrite-oxidizing
bacteria. Proceedings of the National Academy of Sciences 107, 13479-13484.

226
Mäder, P., Fliessbach, A., Dubois, D., Gunst, L., Fried, P., Niggli, U., 2002. Soil fertility
and biodiversity in organic farming. Science 296, 1694-1697.
Moeskops, B., Sukristiyonubowo, Buchan, D., Sleutel, S., Herawaty, L., Husen, E.,
Saraswati, R., Setyorini, D., De Neve, S., 2010. Soil microbial communities and
activities under intensive organic and conventional vegetable farming in West Java,
Indonesia. Applied Soil Ecology 45, 112-120.
Mulvaney, R., Sparks, D., Page, A., Helmke, P., Loeppert, R., Soltanpour, P., Tabatabai,
M., Johnston, C., Sumner, M., 1996. Nitrogen-inorganic forms. Methods of soil
analysis. Part 3-chemical methods., 1123-1184.
Nair, A., Ngouajio, M., 2012. Soil microbial biomass, functional microbial diversity, and
nematode community structure as affected by cover crops and compost in an organic
vegetable production system. Applied Soil Ecology 58, 45-55.
Nannipieri, P., Giagnoni, L., Renella, G., Puglisi, E., Ceccanti, B., Masciandaro, G.,
Fornasier, F., Moscatelli, M.C., Marinari, S., 2012. Soil enzymology: classical and
molecular approaches. Biology and Fertility of Soils 48, 743-762.
Ng, E.L., Patti, A.F., Rose, M.T., Schefe, C.R., Wilkinson, K., Cavagnaro, T.R., 2014.
Functional stoichiometry of soil microbial communities after amendment with
stabilised organic matter. Soil Biology and Biochemistry 76, 170-178.
Norton, J.M., Schimel, J.P., 2011. Nitrogen mineralization-immobilization turnover, In:
Huang, P.M., Li, Y., Summers, M.E. (Eds.), Handbook of Soil Science, Second
Edition ed. CRC Press, Boca Raton, FL, pp. 8-18.
Norton, J.M., Stark, J.M., 2011. Regulation and measurement of nitrification in terrestrial
systems. Methods in Enzymology 486, 343- 368.
Offre, P., Prosser, J.I., Nicol, G.W., 2009. Growth of ammonia-oxidizing archaea in soil
microcosms is inhibited by acetylene. Fems Microbiology Ecology 70, 99-108.
Ouyang, Y., Norton, J.M., Stark, J.M., Reeve, J.R., Habteselassie, M.Y., 2016.
Ammonia-oxidizing bacteria are more responsive than archaea to nitrogen source in
an agricultural soil. Soil Biology and Biochemistry 96, 4-15.
Parham, J.A., Deng, S.P., 2000. Detection, quantification and characterization of βglucosaminidase activity in soil. Soil Biology and Biochemistry 32, 1183-1190.

227
Petersen, D.G., Blazewicz, S.J., Firestone, M., Herman, D.J., Turetsky, M., Waldrop, M.,
2012. Abundance of microbial genes associated with nitrogen cycling as indices of
biogeochemical process rates across a vegetation gradient in Alaska. Environmental
Microbiology 14, 993-1008.
Phillips, L.A., Schefe, C.R., Fridman, M., O'Halloran, N., Armstrong, R.D., Mele, P.M.,
2015. Organic nitrogen cycling microbial communities are abundant in a dry
Australian agricultural soil. Soil Biology and Biochemistry 86, 201-211.
Reeve, J.R., Hoagland, L.A., Villalba, J.J., Carr, P.M., Atucha, A., Cambardella, C.,
Davis, D.R., Delate, K., 2016. Chapter Six - Organic Farming, Soil Health, and Food
Quality: Considering Possible Links, In: Donald, L.S. (Ed.), Advances in Agronomy.
Academic Press, pp. 319-367.
Reeve, J.R., Schadt, C.W., Carpenter-Boggs, L., Kang, S., Zhou, J.Z., Reganold, J.P.,
2010. Effects of soil type and farm management on soil ecological functional genes
and microbial activities. ISME Journal 4, 1099-1107.
Rocca, J.D., Hall, E.K., Lennon, J.T., Evans, S.E., Waldrop, M.P., Cotner, J.B.,
Nemergut, D.R., Graham, E.B., Wallenstein, M.D., 2015. Relationships between
protein-encoding gene abundance and corresponding process are commonly assumed
yet rarely observed. The ISME Journal 9, 1693-1699.
Rochette, P., Angers, D.A., Chantigny, M.H., Bertrand, N., Côté, D., 2004. Carbon
dioxide and nitrous oxide emissions following fall and spring applications of pig
slurry to an agricultural soil. Soil Science Society of America Journal 68, 1410-1420.
Sakurai, M., Suzuki, K., Onodera, M., Shinano, T., Osaki, M., 2007. Analysis of bacterial
communities in soil by PCR–DGGE targeting protease genes. Soil Biology and
Biochemistry 39, 2777-2784.
Schimel, J.P., Bennett, J., 2004. Nitrogen mineralization: Challenges of a changing
paradigm. Ecology 85, 591-602.
Singh, B.K., Nunan, N., Millard, P., 2009. Response of fungal, bacterial and ureolytic
communities to synthetic sheep urine deposition in a grassland soil. Fems
Microbiology Ecology 70, 109-117.
Sinsabaugh, R.L., Lauber, C.L., Weintraub, M.N., Ahmed, B., Allison, S.D., Crenshaw,
C., Contosta, A.R., Cusack, D., Frey, S., Gallo, M.E., Gartner, T.B., Hobbie, S.E.,
Holland, K., Keeler, B.L., Powers, J.S., Stursova, M., Takacs-Vesbach, C., Waldrop,

228
M.P., Wallenstein, M.D., Zak, D.R., Zeglin, L.H., 2008. Stoichiometry of soil
enzyme activity at global scale. Ecology Letters 11, 1252-1264.
Sinsabaugh, R.L., Reynolds, H., Long, T.M., 2000. Rapid assay for amidohydrolase
(urease) activity in environmental samples. Soil Biology and Biochemistry 32, 20952097.
Spiertz, J.H.J., 2010. Nitrogen, sustainable agriculture and food security. A review.
Agronomy for Sustainable Development 30, 43-55.
Subbarao, G.V., Yoshihashi, T., Worthington, M., Nakahara, K., Ando, Y., Sahrawat,
K.L., Rao, I.M., Lata, J.-C., Kishii, M., Braun, H.-J., 2015. Suppression of soil
nitrification by plants. Plant Science 233, 155-164.
Sun, R., Guo, X., Wang, D., Chu, H., 2015a. Effects of long-term application of chemical
and organic fertilizers on the abundance of microbial communities involved in the
nitrogen cycle. Applied Soil Ecology 95, 171-178.
Sun, R.B., Zhang, X.X., Guo, X.S., Wang, D.Z., Chu, H.Y., 2015b. Bacterial diversity in
soils subjected to long-term chemical fertilization can be more stably maintained
with the addition of livestock manure than wheat straw. Soil Biology & Biochemistry
88, 9-18.
Tabatabai, M.A., 1994. Soil Enzymes, In: Weaver, R.W., Angle, S., Bottomly, P.,
Bezdicek, D., Smith, S., Tabatabai, A., Wollum, A. (Eds.), Methods of soil analysis.
Part 2, Microbiological and biochemical properties Soil Science Society America,
Madison, WI, pp. 778-833.
Taylor, A.E., Taylor, K., Tennigkeit, B., Palatinszky, M., Stieglmeier, M., Myrold, D.D.,
Schleper, C., Wagner, M., Bottomley, P.J., 2015. Inhibitory Effects of C2 to C10 1Alkynes on Ammonia Oxidation in Two Nitrososphaera Species. Applied and
Environmental Microbiology 81, 1942-1948.
Taylor, A.E., Vajrala, N., Giguere, A.T., Gitelman, A.I., Arp, D.J., Myrold, D.D.,
Sayavedra-Soto, L., Bottomley, P.J., 2013. Use of Aliphatic n-Alkynes To
Discriminate Soil Nitrification Activities of Ammonia-Oxidizing Thaumarchaea and
Bacteria. Applied and Environmental Microbiology 79, 6544-6551.
Taylor, A.E., Zeglin, L.H., Dooley, S., Myrold, D.D., Bottomley, P.J., 2010. Evidence for
Different Contributions of Archaea and Bacteria to the Ammonia-Oxidizing Potential
of Diverse Oregon Soils. Applied and Environmental Microbiology 76, 7691-7698.

229
Thangarajan, R., Bolan, N.S., Tian, G., Naidu, R., Kunhikrishnan, A., 2013. Role of
organic amendment application on greenhouse gas emission from soil. Science of the
Total Environment 465, 72-96.
Tiedje, J.M., 1994. Denitrifiers, In: Weaver, R.W., Angle, S., Bottomly, P., Bezdicek, D.,
Smith, S., Tabatabai, A., Wollum, A. (Eds.), Methods of Soil Analysis. Part 2,
Microbiological and Biochemical properties. Soil Science Society America,
Madison, WI, pp. 245-267.
Treonis, A.M., Austin, E.E., Buyer, J.S., Maul, J.E., Spicer, L., Zasada, I.A., 2010.
Effects of organic amendment and tillage on soil microorganisms and microfauna.
Applied Soil Ecology 46, 103-110.
Trivedi, P., Delgado-Baquerizo, M., Trivedi, C., Hu, H., Anderson, I.C., Jeffries, T.C.,
Zhou, J., Singh, B.K., 2016. Microbial regulation of the soil carbon cycle: evidence
from gene-enzyme relationships. ISME Journal, In press.
Vance, E., Brookes, P., Jenkinson, D., 1987. An extraction method for measuring soil
microbial biomass C. Soil Biology and Biochemistry 19, 703-707.
Vranova, V., Rejsek, K., Formanek, P., 2013. Proteolytic activity in soil: A review.
Applied Soil Ecology 70, 23-32.
Watson, C.A., Atkinson, D., Gosling, P., Jackson, L.R., Rayns, F.W., 2002. Managing
soil fertility in organic farming systems. Soil Use and Management 18, 239-247.
Wertz, S., Degrange, V., Prosser, J.I., Poly, F., Commeaux, C., Guillaumaud, N., Le
Roux, X., 2007. Decline of soil microbial diversity does not influence the resistance
and resilience of key soil microbial functional groups following a model disturbance.
Environmental Microbiology 9, 2211-2219.
Xia, W., Zhang, C., Zeng, X., Feng, Y., Weng, J., Lin, X., Zhu, J., Xiong, Z., Xu, J., Cai,
Z., Jia, Z., 2011. Autotrophic growth of nitrifying community in an agricultural soil.
The ISME Journal 5, 1226-1236.
Yang, Y., Gao, Y., Wang, S., Xu, D., Yu, H., Wu, L., Lin, Q., Hu, Y., Li, X., He, Z.,
Deng, Y., Zhou, J., 2014. The microbial gene diversity along an elevation gradient of
the Tibetan grassland. The ISME Journal 8, 430-440.
Yang, Y., Wu, L., Lin, Q., Yuan, M., Xu, D., Yu, H., Hu, Y., Duan, J., Li, X., He, Z.,
Xue, K., van Nostrand, J., Wang, S., Zhou, J., 2013. Responses of the functional

230
structure of soil microbial community to livestock grazing in the Tibetan alpine
grassland. Global Change Biology 19, 637-648.
Zhang, L.-M., Offre, P.R., He, J.-Z., Verhamme, D.T., Nicol, G.W., Prosser, J.I., 2010.
Autotrophic ammonia oxidation by soil thaumarchaea. Proceedings of the National
Academy of Sciences of the United States of America 107, 17240-17245.
Zhu, Y., He, Y., Smith, S., Smith, F., 2002. Buckwheat (Fagopyrum esculentum Moench)
has high capacity to take up phosphorus (P) from a calcium (Ca)-bound source. Plant
and Soil 239, 1-8.

Tables and figures
Table 6-1
Real-time PCR amplification conditions, efficiencies, calibration standard and primers.

Target
genes

Primer
concentr
ations
(uM)

Size (bp)

Cycles

Denaturation
time at 95°C

Annealing
time and
temperature

Elongation
time at
72°C

Efficiency
(%)

npr

0.75

233

40

20s

30s at 55°C

30s

80-100

sub

0.75

319

40

20s

30s at 55°C

30s

110-114

chiA

0.50

417

40

60s

60s at 55°C

60s

80-89

ureC

0.50

317

35

60s

60s at 60°C

120s

92-96

Bacterial
amoA

0.50

669

40

45s

60s at 60°C

45s

89-91

Archaeal
amoA

0.50

624

40

45s

60s at 58°C

45s

86-108

nxrB

0.50

485

40

40s

40s at 56.2°C

90s

81-86

Calibration
standard
Environmental
DNA
Bacillus subtilis
ATCC 6051
Stenotrophomonas
rhizohia ATCC
BAA 473
Pseudomonas
chlororaphis O6
Nitrosospira
multiformis ATCC
25196
Environmental
DNA
Environmental
DNA

Primers and references
Fp nprI, Rp nprII
Bach et al., 2001
Fp subIa, RP subII
Bach et al., 2001
GA1F,GA1R
Williamson et al.,2000
ureC1F,ureC2R
Koper et al.,2004
amoA189F,amoA2R
Okano et al.,2004
amoA19F,amoA643R
Leininger et al.,2006
nxrB169F,nxrB638R
Pester et al.,2014
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Table 6-2
Soil chemical and biochemical properties under contrasting organic N treatments (Mean values, n = 9, lowercase letters indicate significant
differences among treatments in a specific sampling time, p < 0.05).

Control

Oct-14
Compost

Manure

Organic C (g kg )
Total N (g kg-1)
pH

17.19 a
1.51 a
8.28 b

24.88 c
1.91 b
8.18 a

NH4+-N (mg kg-1)

0.59
2.12 a
0.47

Soil properties
-1

NO3--N (mg kg-1)
Amino acid-N (mg kg-1)

Control

Jul-15
Compost

Control

Oct-15
Compost

Manure

Manure

22.62 b
1.92 b
8.17 a

15.97 a
1.46 a
8.00 b

26.09 c
1.90 b
7.84 a

23.82 b
1.73 ab
7.83 a

18.33 a
1.57
8.07 b

28.12 c
1.95
8.01 a

25.80 b
1.78
8.01 a

0.81

0.62

0.49

0.57

0.79

0.48

0.42

0.54

4.58 b
0.54

6.15 c
0.73

17.96 a
0.43

39.14 b
0.53

50.14 c
0.51

0.73 a
0.59

3.71 b
0.71

8.16 c
0.66

EOC (mg kg-1)
74.30 a
127.04 b
119.70 b
85.56 a
139.11 b 139.40 b
149.9 a
198.44 b 184.72 b
-1
9.27 a
13.95 b
11.58 b
12.86 a
21.82 b
25.63 b
7.73 a
15.38 b
14.61 b
EON (mg kg )
297.09
371.46
350.55
297.51 a
377.58 b 413.15 b
291.30 a 371.18 b 406.55 b
MBC (mg kg-1)
-1
27.14 a
35.73 b
36.7 b
30.14 a
44.59 b
48.89 b
32.29 a
40.59 b
44.38 c
MBN (mg kg )
MBC/MBN
9.97
10.37
9.52
9.99
8.62
8.81
9.01
9.12
9.18
-1
4.07 a
5.74 ab
6.08 b
3.59 a
4.70 b
4.52 ab
4.15
5.13
4.96
DNA (mg kg )
Abbreviation: EOC- Extractable organic carbon, EON- Extractable organic nitrogen MBC- Microbial biomass carbon, MBN- Microbial biomass
nitrogen.
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Table 6-3
Pearson Correlation Coefficients between geochemical factors and soil functions. Asterisks highlight significant P values (**p < 0.001, * p < 0.05).
Organic C

Total N

C:N

pH

NH4+

Potential protease

0.66**

0.18

0.34*

-0.39**

Native protease

0.38**

0.13

0.14

-0.57**

β-glucosaminidase

0.67**

0.18

0.34*

-0.35**

Soil functions

NO3-

Amino acid

EOC

-0.04

0.14

0.25*

-0.04

0.38*

0.19

0.21

0.25*

0.27*

EON

MBC

MBN

MBC:MBN

DNA

0.75**

0.28*

0.53**

0.6**

-0.3*

0.21

0.54**

0.54**

0.34*

0.51**

-0.3*

0.02

0.5**

0.41*

0.53**

0.52**

-0.18

0.38*

Arginase

0.5**

0.15

0.18

-0.45**

0.11

0.27*

0.11

0.55**

0.31*

0.28*

0.42**

-0.26

0.09

Urease

0.55**

0.22*

0.26*

0.11

0.19

-0.07

0.39**

0.47**

0.12

0.56**

0.42**

-0.01

0.43**

Dehydrogenase

0.45**

0.11

0.3*

0.14

-0.1

-0.45**

0.37**

0.77**

-0.2

0.26*

0.21

-0.11

0.2

Acid phosphatase

0.54**

0.31*

0.12

-0.29*

0.21

0.5**

0.08

0.14

0.55**

0.48**

0.51**

-0.11

0.29*

Alkline phosphatase

0.66**

0.31*

0.19

-0.49**

0.06

0.58**

0.08

0.3*

0.7**

0.58**

0.6**

-0.18

0.23*

Net mineralization

0.23*

0.05

0.04

-0.84**

0.12

0.95**

-0.1

0.01

0.82**

0.35*

0.56**

-0.3*

-0.07

Net nitrification

0.23*

0.05

0.05

-0.86**

0.11

0.95**

-0.1

0.02

0.88**

0.35*

0.57**

-0.3*

-0.08

Nitrification potential (NP)

0.5**

0.17

0.19

-0.63**

0.15

0.74**

0.04

0.26*

0.72**

0.56**

0.71**

-0.3*

0.19

Octyne-sensitive NP

0.42**

0.14

0.17

-0.54**

0.2

0.71**

-0.01

0.13

0.64**

0.55**

0.65**

-0.25*

0.18

Octyne-resistant NP

0.58**

0.21

0.21

-0.71**

0.01

0.63**

0.15

0.52**

0.75**

0.53**

0.68**

-0.35*

0.18

Potential nitrite oxidation

0.62**

0.08

0.51**

-0.28**

0.07

0.18

0.19

0.53**

0.39*

0.68**

0.56**

-0.07

0.38*

Denitrification potential

0.56**

0.01

0.57

-0.21

0.01

0.13

0.3*

0.51**

0.41*

0.67**

0.52**

-0.01

0.41**
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Table 6-4
Pearson Correlation Coefficients between enzyme activities and corresponding gene abundance.
Genes
sub
sub
npr
npr
chiA
ureC
AOB
AOB
AOA
AOA
nxrB

Enzymes
Potential protease
Native protease
Potential protease
Native protease
β-glucosaminidase
Urease
Nitrification potential (NP)
Octyne-sensitive NP
NP
Octyne-resistant NP
Potential nitrite oxidation

r
-0.18
-0.2
0.25
0.45
0.33
0.25
0.58
0.48
0.25
0.45
0.43

p
0.1
0.07
0.03
<0.001
0.003
0.03
<0.001
<0.001
0.025
<0.001
0.001

n
81
81
81
81
81
81
81
81
81
81
54

Bold highlights significant P values for Pearson Correlation Coefficients.
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Table 6-5
Pearson Correlation Coefficients between geochemical factors and the abundance of functional genes. Asterisks highlight significant P values (***p
< 0.001, * p < 0.05).

Genes
Organic C Total N C:N
pH
NH4+ NO3- Amino acid
0.06
0.09
-0.04 -0.14
0.1 0.42**
sub
-0.31*
0.15
-0.17
0.18 -0.72** 0.04 0.58**
-0.05
npr
-0.01
0.18 -0.39** -0.1 0.28*
chiA
0.25*
-0.25*
0.17
0.19 -0.63** -0.03 0.5**
-0.01
ureC
0.51**
AOA amoA
-0.06
0.14 -0.67** -0.21 0.32*
0.01
0.22*
AOB amoA
0.01
0.2 -0.85** -0.2 0.56**
-0.05
0.38**
nxrB
-0.09 -0.19 -0.52** 0.02 0.43**
0.23*
-0.24*

EOC
-0.41*
0.14
0.19
0.39**
0.39**
0.44**
0.07

EON
MBC MBN MBC:MBN DNA
0.15
0.09
0.09
0.33*
0.32*
-0.09
0.03
0.51** 0.26* 0.33*
0.14
-0.03
0.37** 0.13
0.34*
0.53** 0.47** 0.54**
-0.24*
0.45**
0.01
-0.07
0.32*
0.28*
-0.32*
0.11
0.6** 0.38** 0.56**
-0.35**
0.21
0.01
0.41** 0.24*
0.3*
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Fig. 6-1. Conceptual model for this study. Three objectives: 1) to examine the effect of
organic N management on geochemical factors, microbial function, and functional genes,
2) to differentiate the relative contribution of ammonia oxidizing bacteria and archaea to
nitrification potential, 3) to evaluate the regulation of geochemical factors and the
abundance of functional gene on soil enzyme activities.
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Fig. 6-2. Soil enzyme activities for three N treatments (control, compost, manure). Error
bars represent standard error (n = 9). Different lowercase letters above bars indicate a
significant difference among N treatments in a specific sampling time (p < 0.05).
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Fig. 6-3. Soil N transformation rates for three N treatments (control, compost, manure).
Error bars represent standard error (n = 9). Different lowercase letters above bars indicate
a significant difference among N treatments in a specific sampling time (p < 0.05).
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Fig. 6-4. Soil functional gene abundances for three N treatments (control, compost,
manure). Error bars represent standard error (n = 9). Different lowercase letters above
bars indicate a significant difference among N treatments in a specific sampling time (p <
0.05).
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Fig. 6-5. Principal component analysis for: A) soil functions (soil enzyme activities and
soil N transformation rates), B) Soil functional gene abundances. Shapes denote N
treatment (square = control, circle = compost, star = manure). Color denote sampling
time (black = Oct 2014, red = Jul 2015, blue = Oct 2015).
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Fig. 6-6. Canonical correspondence analysis for: A) soil functions (soil enzyme activities
and soil N transformation rates), B) soil functional gene abundances. Selected
geochemical factors was generated using a forward selection procedure. Shapes denote N
treatment (square = control, circle = compost, star = manure). Color denote sampling
time (black = Oct 2014, red = Jul 2015, blue = Oct 2015).
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CHAPTER VII
SUMMARY AND CONCLUSIONS
In agricultural systems the application of nitrogen (N) fertilizers increases the
yield of crops and prevents food shortage for a growing human population, but excessive
and repeated use of N fertilizers may have detrimental impacts on the environment, such
as nitrate leaching and reactive N gas production. Therefore, avoiding the combination of
high external N inputs with low N use efficiency remains a major concern for the
sustainability of agro-ecosystems. N mineralization and nitrification are key Ntransformations that largely determine the availability and mobility N in soils. The main
objective of this study was to examine how agricultural N management affects microbial
communities, enzyme activities, and functional genes for nitrification and N
mineralization.
Autotrophic nitrification is mediated by ammonia oxidizing bacteria (AOB) or
ammonia oxidizing archaea (AOA), and nitrite oxidizing bacteria. Our investigation of
AOA and AOB population and community composition under mineral and organic N
sources for 4 years in the field, found that one fertilization did not significantly alter the
abundance and community composition of AOB and AOA, but significantly elevated
nitrification potential. After repeated fertilization, N treatment significantly affected
abundance and community composition of AOB, but had little effect on AOA. By
evaluating the relative contribution of AOA and AOB to NP after 3 or 4 years of repeated
N treatments, we found that AOB dominantly contributed to potential nitrification.
However, this dominant role of AOB in NP does not indicate the same role for in situ
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nitrification, and AOA dominated gross nitrification activity at low ambient levels of
ammonium. Our results suggest that AOB activity and community are more responsive to
ammonium fertilizers than AOA in agricultural soil, and practices to control nitrification
should focus attention on AOB, especially in the short term after fertilizer application.
The second study further determined the contribution of AOA and AOB to
nitrification shortly after fertilization, and to examined whether nitrification kinetics and
temperature responses differed in agricultural soils with contrasting N fertilizers. The
analysis of nitrification kinetics showed the per cell rate of ammonium oxidation and the
half-saturation constant for AOA activity were much lower than those for AOB, yet AOA
activity dominated in soils at very low ammonium concentration. The relative
contribution of AOA to nitrification potential increased with increasing temperature, and
AOA had a much higher temperature optimum than AOB. Nitrification potentials
measured from field soil through two growing seasons indicated that the AOB potential
rate was higher and was strongly stimulated at one month after fertilization in AS
treatments, compared to relatively lower and stable rates in control and compost treated
soils over the growing season. Nitrification potential rates due to AOA showed no
difference among N treatments. Nitrification potentials though the soil profile showed
that AOB played a dominant role in surface soils (0-30 cm), while AOA were more
dominant in subsurface soil (30-90 cm).
The whole nitrifying community was also examined using the universal primers
targeting the16S rRNA gene, through Illumina amplicon sequencing. The nitrifying
community was not altered after the first year of fertilization, but was significantly
shifted by four years of repeated application of ammonium fertilizers. The only nitrite
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oxidizers recovered from all soil samples were from the genus Nitrospira. Ammonium
fertilizers significantly increased the rates of potential nitrite oxidation. However, N
treatment did not affect the abundance of Nitrospira. Totally, 16 species- level
operational taxonomic units were detected and they were unevenly distributed in five
different Nitrospira lineages. Understanding the response of both ammonia oxidizers and
nitrite oxidizers to N fertilization may initiate or improve strategies for mitigating
potential environmental impacts of nitrate production in agricultural ecosystems.
The soil prokaryotic and fungal communities were comprehensively assessed
using Illumina amplicon sequencing of genes for 16S rRNA and the fungal intergenic
transcribed spacer (ITS). The application of organic N fertilizer, but not inorganic N
fertilizer, increased the diversity of the prokaryotic community and the activities of soil
enzymes. The composition and diversity of the fungal community and the abundance of
functional genes involved in N mineralization were not affected by the N treatments,
regardless of inorganic and organic forms. The abundance of functional genes was not
correlated with the corresponding enzyme activities. Our study suggested the differential
response of prokaryotic and fungal communities to organic N fertilizers. Metagenomics
or high-throughput sequencing targeting functional genes including those from fungi are
needed to provide the information that links enzyme activity to the responsible members
of the microbial community.
Organic farming systems receive organic amendments to maintain soil fertility
and supply nutrients for plant growth. This study investigated the effect of organic
fertilizers (control, compost, and manure), and their interaction with cover crops (millet,
buckwheat, and legume) on soil enzyme activities, N transformation rates and functional
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gene abundances under an organic production system. Organic N fertilizers had a
stronger effect than cover crops on soil functions and functional gene abundances. Soil
enzyme activities were increased by both compost and manure, but there was no
difference between compost and manure. Nitrification potential, nitrite oxidation
potential, and denitrification potential in manure treatment were significantly higher than
those in control and compost treatment, indicating the application of manure had a higher
N loss potential than compost application in this organic farming system. Organic N
fertilizers significantly increased the abundance of genes encoding subtilisin (sub), urease
(ureC), bacterial ammonia monooxygenase (amoA), nitrite oxidoreductase (nxrB), but
had no effect on the abundance of genes encoding neutral metalloprotease (npr), chitinase
(chiA), or archaeal ammonia monooxygenase (amoA). The activity of ammonia oxidizing
bacteria and archaea were both increased by organic N fertilizers, and their activities
were higher in manure treatment than those in compost treatment. Overall, the abundance
of functional genes was significantly correlated with the corresponding enzyme activity.
However, functional gene abundances were less important than soil biochemical
properties to explain the variation in their corresponding enzyme activities.
This study provides valuable information on the link between microbial
communities and biogeochemical functions such as nitrification and N mineralization that
may allow ecosystem models to incorporate microbial communities as dynamic
components driving N flux, and may further contribute to improving strategies for N
management to match soil N supply with plant demand in agricultural soils.
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APPENDIX B
SUPPLEMENTARY MATERIAL AND STATISTICAL ANALYSIS FOR CHAPTER II
Table B1
Results of the repeated measures ANOVA of the effect of N sources and year on soil properties and nitrification potential
Factors

TOC-Aug
F

Treatment
Year
Treatment*
Year

P

TNAug
F
P

2.18 ns
18.3 **

11.9 ***
42.0 ***

3.21 ns

1.79 ns

pH-Aug
F

P

NH4+-Aug
F

P

9.45 ***
5.28 **

1.06 ns
14.19 ***

1.5 ns

0.77 ns

NO3--Aug
F

P

NH4+-May
F

P

3.96 **
4.57 ***

0.38 ns
8.95 ***

0.81 ns

0.60 ns

NO3--May
F

P

NP-Aug
F

P

19.05 ***
10.25 ***

97.51 ***
15.48 ***

2.45 **

3.54 ***

Asterisks highlight significant P values (***p < 0.01, ** p < 0.05)
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Table B2
Results of the repeated measures ANOVA of the effect of N sources and year on AOA and AOB amoA gene copy numbers,
and ratios of AOA to AOB in August and May.
AOA-Aug
AOB-Aug
AOA-May
AOB-May
F
P
F
P
F
P
F
P
Treatment
2.40 ns
31.52 ***
0.49
ns
11.53 ***
Year
176 ***
17.69 ***
18.23 ***
70.03 ***
Treatment* Year 1.14 ns
3.75 ***
1.17
ns
2.53 ns
Asterisks highlight significant P values (*** P < 0.01, ** P< 0.05)
Factors

Ratio-Aug
F
P
6.65 **
22.90 ***
5.89 ***

Ratio-May
F
P
7.83 ***
20.57 ***
3.26 ***
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Table B3
Results of the two-way ANOVA of the effect of N sources and year on selected AOA and AOB OTUs relative abundance.
BamoA 14
BamoA 25
BamoA 26
F
P
F
P
F
P
Treatment
11.28 ***
8.08 ***
10.19 ***
Year
15.68 ***
26.11 ***
114.98 ***
Treatment* Year 19.87 ***
8.12 ***
9. 72 ***
Asterisks highlight significant P values (*** p < 0.01, ** p < 0.05)
Factors

BamoA 27
F
P
10.91 ***
21.91 ***
8.94 ***

BamoA 4
F
P
13.76 ***
26.06 ***
4.48 **

AamoA 5
F
P
1.27 ns
16.81 ***
1.10 ns

AamoA 12
F
P
0.91 ns
18.35 ***
0.30 ns
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Fig. B1. Relationship of amoA copy numbers between nitrification potential over four
years.
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Results of statistical analysis for Chapter II
NH4+ measured in May:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value Pr > F

Treatment

3

9

0.38 0.7725

Time

3

36

8.95 0.0001

Treatment*Time

9

36

0.60 0.7877

NH4+ measured in August:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

1.06 0.4131

Time

3

36

14.19 <.0001

Treatment*Time

9

36

0.77 0.6405

NO3- measured in May:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

19.05 0.0003

Time

3

36

10.25 <.0001

Treatment*Time

9

36

2.45 0.0273
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NO3- measured in August:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value Pr > F

Treatment

3

9

3.96 0.0472

Time

3

36

4.57 0.0082

Treatment*Time

9

36

1.08 0.3996

AOA measured in August:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

2.40 0.1358

Time

3

36

130.89 <.0001

Treatment*Time

9

36

1.14 0.3597

AOB measured in August:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

31.52 <.0001

Time

3

36

17.69 <.0001

Treatment*Time

9

36

3.75 0.0021

AOA to AOB ratio in May:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

7.83 0.0071

Time

3

36

20.57 <.0001

Treatment*Time

9

36

3.26 0.0054

263
AOA to AOB ratio in August:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

6.65 0.0116

Time

3

36

22.90 <.0001

Treatment*Time

9

36

5.89 <.0001

Total nitrogen measured in August:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

11.86 0.0018

Time

3

36

42.00 <.0001

Treatment*Time

9

36

1.79 0.1045

Total organic carbon measured in August:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

2.18 0.1595

Time

3

36

18.26 <.0001

Treatment*Time

9

36

3.21 0.0060
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pH measured in August:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value Pr > F

Treatment

3

12

8.61 0.0025

Time

3

12

6.59 0.0070

Treatment*Time

9

12

1.49 0.2549

NP measured in August:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

97.51 <.0001

Time

3

36

15.48 <.0001

Treatment*Time

9

36

3.54 0.0031

APPENDIX C
SUPPLEMENTARY MATERIAL AND STATISTICAL ANALYSIS FOR CHAPTER III
Table C1 Abundance of AOA and AOB amoA copies (log copies g-1 dry soil) in 2014 as affected by N treatment (Control,
AS100, AS200, and Compost) and sampling time. Upper case letters indicate significant difference between sampling time
within each specific treatment (p ≤ 0.05). Lower case letters indicate significant differences between N treatments (p ≤ 0.05).
There is no treatment effect on log number of AOA amoA copies g-1 dry soil.
Sampling time (days after fertilization) in 2014
Treatment
Control
AS100
AOB
AS200
Compost

-16
5.54 A a
6.36 A b
6.55 A b
5.65 A a

28
5.48 A a
6.73 B b
6.68 A b
5.73 AB a

57
5.68 A a
6.34 A c
6.51 A c
5.87 AB b

83
5.74 A a
6.32 A b
6.59 A b
5.79 AB a

120
5.73 A a
6.40 A c
6.54 A c
6.05 B b

154
5.51 A a
6.35 A b
6.31 A b
5.68 A a

Control
AS100
AOA
AS200
Compost

7.49 A
7.60 A
7.67 A
7.78 A

7.84 B
8.01 B
7.93 B
8.05 B

7.63 AB
7.76 A
7.61 A
7.80 A

7.79 B
7.81 A
7.71 A
7.79 A

7.79 AB
7.78 AB
7.68 AB
8.00 AB

7.84 AB
7.99 AB
7.85 AB
8.06 AB
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Table C2 Abundance of AOA and AOB amoA copies (log copies g-1 dry soil) in 2015 as affected by N treatment (Control,
AS100, AS200, and Compost) and sampling time. Upper case letters indicate significant difference between sampling time
within each specific treatment (p ≤ 0.05). Lower case letters indicate significant differences between N treatments (p ≤ 0.05).
There is no treatment effect on log number of AOA amoA copies g-1 dry soil.
Treatment
Control
AS100
AOB
AS200
Compost
Control
AS100
AOA
AS200
Compost

Sampling time (days after fertilization) in 2015
-20
7
14
35
80
6.23 B a 6.39 B a 6.28 B a
5.99 A a 5.89 A a
6.46 A b 6.67 B b 6.75 B b
6.31 A b 6.33 A b
6.47 A b 6.84 B c 7.06 C c
6.62 A c 6.67 A c
6.26 B a 6.44 C a 6.36 BC a 6.04 A a 6.09 AB a
7.44 B
7.60 BC 7.63 C
7.29 A
7.80 C
7.46 B
7.68 BC 7.72 C
7.33 A
7.82 C
7.33 A
7.63 B
7.66 BC
7.36 A
7.87 C
7.59 B
7.65 B
7.65 BC
7.41 A
8.02 B
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Table C3 Ratios of AOA to AOB amoA gene copy number through the growing
season (mean values, n = 4). Lower case letters indicate significant differences
between N treatments (p ≤ 0.05).
Treatments
Year

2014

2015

Days after
fertilization
-16
28
57
83
120
154
-20
14
21
35
80

Control
94.92 b
233.60 b
101.79 b
158.84 b
142.74 b
242.27 b
17.05 ab
17.68 b
32.81 b
20.62 b
92.86 b

AS100
19.42 a
26.23 a
29.31 a
37.13 a
31.76 a
63.09 a
10.18 a
10.62 a
12.33 a
10.91a
36.18 a

AS200
25.62 a
18.83 a
15.61 a
14.44 a
15.51 a
36.53 a
7.19 a
6.14 a
6.09 a
5.59 a
16.74 a

Compost
149.21 b
232.84 b
100.60 b
109.86 b
129.32 b
251.73 b
22.07 b
17.38 b
31.88 b
23.75 b
99.84 b

Table C4 Nitrification kinetic parameters from Haldane model results (mean values, ± SD, n = 4, lower case letters indicate
significant difference among treatments within each specific sampling date, p < 0.05).
Nitrification

Treatments

Total activity Control
AS100
AS200
Compost

Vmax (mM N kg-1day-1)
28d
83d
0.6±0.07a 0.58±0.08
2.78±0.26 1.80±0.29
5.01±0.67 2.48±0.24
0.85±0.05 0.88±0.10

Km (μM NH4+)
28d
83d
9.50±2.90a
8.30±1.26a
52.92±13.03
77.75±8.5b
138.00±17.04 58.45±6.82b
19.25±2.29a 20.78±4.28a

Ki (mM NH4+)
28d
83d
-*
58.76±10.50
93.66±60.00
824.06±260
119.99±45.7
-

Octyne
sensitive

Control
AS100
AS200
Compost

0.41±0.09
2.47±0.23
4.77±0.67
0.67±0.05

0.34±0.08
1.59±0.19
2.23±0.20
0.68±0.10

19.43±11.74a
86.23±4.50b
160.93±17.35
43.98±6.79a

17.25±3.98a
81.18±16.51
98.10±11.52
41.37±7.89a

-

300±256.30
247.42±164.
263.98±88.0
77.98±26.61

Octyne
resistant

Control
AS100
AS200
Compost

0.22±0.02
0.24±0.02
0.29±0.06
0.21±0.02

0.24±0.01
0.26±0.04
0.35±0.05
0.23±0.00

6.00±2.51
13.45±6.04
4.23±1.49
3.35±0.63

3.85±0.05
3.78±1.12
3.35±0.89
3.35±0.14

54.9±24.04
125.32±74.5
70.83±15.25
110.96±24.6

52.43±12.00
218.13±80.4
133.06±69.8
156.82±29.0

*Dash indicates that Ki is outside of reasonable range (more than 109)
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Table C5 A summary of the repeated measures ANOVA of the effect of N treatment
(Control, AS100, AS200, and Compost) and sampling time on total NP, octyne-sensitive
NP, octyne-resistant NP, and octyne-resistant fraction in 2014. Upper case letters indicate
significant difference between sampling time within each specific treatment (row) (p ≤
0.05). Lower case letters indicate significant differences between N treatments within
each sampling date (column) (p ≤ 0.05). There is no treatment effect on octyne-resistant
NP.
Treatment
Total NP

Octyne-sensitive
NP

Octyne-resitant
NP

Octyne-resistant
fraction

Control
AS100
AS200
Compost
Control
AS100
AS200
Compost
Control
AS100
AS200
Compost
Control
AS100
AS200
Compost

Sampling time (days after fertilization) in 2014
-16 28
57
83
120
154
Aa
Aa
Aa
Aa
Aa
Aa
Bb
Bb
Ab
Ab
AB b A c
Dc
Ec
Ac
Cc
Cc
Bd
Aa
Aa
Aa
Aa
Aa
Ab
Aa
Aa
Aa
Aa
Aa
Aa
Bb
Bb
Ab
Ab
AB b A c
Dc
Ec
Ac
Cc
Cc
Bd
Aa
Aa
Aa
Aa
Aa
Ab
A
AB
B
AB
AB
AB
A
AB
A
AB
AB
B
A
B
B
C
C
C
A
BC
B
BC
C
C
A c BC c BC b
Bb
Bb
Cc
A a AB a AB a AB a AB a B a
Aa
Aa
Ba
Ba
Ba
Ba
Ab
Bb
Bb
Bb
Bb
Bb
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Table C6 A summary of the repeated measures ANOVA of the effect of N treatment
(Control, AS100, AS200, and Compost) and sampling time on total NP, octyne-sensitive
NP, octyne-resistant NP, and octyne-resistant fraction in 2015. Upper case letters indicate
significant difference between sampling time within each specific treatment (p ≤ 0.05).
Lower case letters indicate significant differences between N treatments (p ≤ 0.05). There
is no treatment effect on octyne-resistant NP.
Treatment

Total NP

Octyne-sensitive
NP

Octyne-resitant
NP

Octyne-resistant
fraction

Control
AS100
AS200
Compost
Control
AS100
AS200
Compost
Control
AS100
AS200
Compost
Control
AS100
AS200
Compost

Sampling time (days after fertilization) in
2015
-20
7
14
21
35
80
Aa
Aa
Aa
Aa
Aa Aa
AB c C c
Cc
Bc
Ab Bb
Ac
Ed
Dd
Cd
Bc
Cc
Ab
Ab Ab
Ab
Aa Ad
Aa
Aa
Aa
Aa
Aa Aa
AB c C c
Cc
Bc
Ab Bb
Ac
Ed
Dd
Cd
Bc
Cc
Ab
Ab Ab
Ab
Aa Ad
Aa
B
AB a A ab B a
B
Ab
B
Aa
A ab B a
B
Ac
B
AB b A b
Bb B
Aa
B
AB b A a
Ba
B
Ab
Ac
Ac
Ac
Ab Ab
AB a A a
Aa
A ab B a
Ba
Ba
Aa
Aa
Ba
Ba
Ba
Aa
Ab Ab
Ab
Bb Bb
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Table C7 A summary of the repeated measures ANOVA of the effect of N treatment
(Control, AS100, AS200, and Compost) and sampling time on net nitrification rates and
octyne-resistant net nitrification rates in 2015. Upper case letters indicate significant
difference between sampling time within each specific treatment (p ≤ 0.05). Lower case
letters indicate significant differences between N treatments (p ≤ 0.05). There is no
treatment effect on octyne-resistant NP.

Treatment
Control
AS100
Total NP
AS200
Compost
Control
AS100
Octyne-resitant NP
AS200
Compost

Sampling time (days after fertilization) in 2015
-20
3
7
14
21
35
80
Aa Aa
Aa
Aa Aa Aa
Aa
Ab Bb
Bb
A a A a A ab A ab
Ac Cc
Cc
Bb Bb Ab Ab
Ab Aa
Aa
A a A a A ab A b
A AB a B a
Aa
A
Aa
Aa
A
Bb
Bb
Bb
A A ab A ab
A
Bb
Cc
Cc
A
Bb
Ab
A AB a B ab A ab B
Aa
Ab
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Table C8 A summary of the repeated measures ANOVA of the effect of N treatment
(Control, AS100, AS200, and Compost) and depth on total NP, octyne-sensitive NP,
octyen-resistant NP, and octyne-resistant fraction. Upper case letters indicate significant
difference between depth intervals within each specific treatment (p ≤ 0.05). Lower case
letters indicate significant differences between N treatments (p ≤ 0.05). There is no
treatment effect on octyne-resistant NP.

0-15cm
Aa
Ac
Ad
Ab

Depth intervals
15-30cm 30-60cm
Aa
Ba
Ba
Ca
Ea
Cb
Ba
Ca

60-90cm
Ba
Ca
Db
Ca

Total NP

Control
AS100
AS200
Compost

Octyne-sensitive
NP

Control
AS100
AS200
Compost

Aa
Ac
Ad
Ab

Aa
Ba
Ea
Ba

Ba
Ca
Cb
Ca

Ba
Ca
Db
Cb

Octyne-resistant
NP

Control
AS100
AS200
Compost

A
A
A
A

B
B
B
B

C
C
C
C

D
C
D
C

Octyne-resistant
fraction

Control
AS100
AS200
Compost

Ac
Aa
Aa
Ab

Ba
Ba
Aa
Aa

Ca
Ca
Ab
Ab

Ca
Ca
Ab
Ba
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Figure C1 Soil temperature, precipitation, soil water content in 2014. A) Average
maximum and minimum soil temperature at a depth of 0-10 cm, and monthly
precipitation amounts (cm). (B) Soil water content across four N treatments (control (no
N fertilization), ammonium sulfate (AS, 100 & 200 kg N ha-1), and compost (200 kg N
ha-1)) over time (days after fertilization). Error bars represent standard errors (n = 4).

274

Figure C2 Effect of NH4+ concentration on octyne-sensitive (AOB) nitrification potential
(A), ocytne-resistant (AOA) nitrification potential (B), total nitrification potential (C),
and octyne-resistant fraction of the nitrification potential (D) in soils sampled at 83d after
fertilization in 2014. The Michaelis-Menten model (line) are fit to the nitrification rate
data. Points represent means of four treatments. Error bars represent standard errors (n =
4).
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Figure C3 Temperature response of octyne-sensitive NP, ocytne-resistant NP, and total
NP. Points represent average values of four replicates in each N treatment.
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Figure C4 Q10 (for 9-20 oC) and temperature optima for total NP, octyne-sensitive NP,
and ocytne-resistant NP. Error bars represent standard errors (n = 4). Different letters
indicate a significant difference among N treatments (p < 0.05).
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Figure C5 Langmuir model of the relationship of 1 mM PO43+ buffer extractable NH4+
concentration and NH4+ concentration in sorbed-phase of soil.
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Results of statistical analysis for Chapter III
AOB abundance measured in 2014:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

55.60 <.0001

Time

5

60

8.58 <.0001

15

60

1.33 0.2163

Treatment*Time

AOA abundance measured in 2014:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

1.66 0.2447

Time

5

60

14.38 <.0001

15

60

0.51 0.9279

Treatment*Time

AOA to AOB ratio in 2014:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

14.40 0.0009

Time

5

60

28.54 <.0001

15

60

8.10 <.0001

Treatment*Time

Total NP measured in 2014:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

59.94 <.0001

Time

5

60

12.04 <.0001

15

60

5.40 <.0001

Treatment*Time
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Octyne-sensitive NP measured in 2014:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

73.66 <.0001

Time

5

60

19.32 <.0001

15

60

6.70 <.0001

Treatment*Time

Octyne-resistant NP measured in 2014:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

3.37 0.0682

Time

5

60

19.98 <.0001

15

60

3.16 0.0008

Treatment*Time

Octyne-resistant fraction measured in 2014:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

45.65 <.0001

Time

5

60

30.42 <.0001

15

60

1.65 0.0884

Treatment*Time

AOA abundance measured in 2015:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

0.91 0.4728

Time

4

48

55.73 <.0001

12

48

2.11 0.0340

Treatment*Time

AOB abundance measured in 2015:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

158.35 <.0001

Time

4

48

72.54 <.0001

12

48

2.04 0.0405

Treatment*Time
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Total NP measured in 2015:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

104.23 <.0001

Time

5

60

176.53 <.0001

15

60

61.99 <.0001

Treatment*Time

Octyne-sensitive NP measured in 2015:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

133.58 <.0001

Time

5

60

128.88 <.0001

15

60

42.93 <.0001

Treatment*Time

Octyne-resistant NP measured in 2015:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

8.01 0.0066

Time

5

59

92.84 <.0001

15

59

2.47 0.0070

Treatment*Time

Octyne-resistant fraction measured in 2015:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

51.77 <.0001

Time

5

60

52.86 <.0001

15

60

7.85 <.0001

Treatment*Time

Net nitrification rates measured in 2015:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

14.98 0.0008

Time

6

72

26.15 <.0001

18

72

10.52 <.0001

Treatment*Time
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Octyne-resistant net nitrification rates measured in 2015:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

34.03 <.0001

Time

6

72

54.07 <.0001

18

72

6.07 <.0001

Treatment*Time

APPENDIX D
SUPPLEMENTARY MATERIAL AND STATISTICAL ANALYSIS FOR CHAPTER IV
Table D1
Results of the two-way ANOVA of the effect of N sources and year on the relative abundance of selected 16S rRNA OTUs
(nitrifying populations).
Factors

AOB

AOA

NOB

OTU
23
F
P

OTU
55
F
P

OTU
67
F
P

OTU
80
F
P

OTU
13
F
P

F

P

F

P

F

P

Treatment
Year

5.94
6.76

***
**

2.02
4.47

ns
**

3.00
29.28

**
***

4.2
4.51

**
**

0.8
0.93

ns
ns

4.34
2.59

**
ns

0.99
11.14

ns
***

3.96
32.88

**
***

Treatment* Year

3.77

**

1.91

ns

1.81

ns

2.5

ns

0.97

ns

2.13

ns

0.96

ns

3.71

**

Asterisks highlight significant P values (*** p < 0.01, ** p < 0.05).
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Fig. D1. Relationship of nxrB copy numbers between potential nitrite oxidation.
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Fig. D2. Changes in nitrite and nitrate concentration during the nitrification potential
assay measured by soil slurry supplemented with 1 mM NH4+ at °C. Error bars represent
standard error (n = 4).

APPENDIX E
SUPPLEMENTARY MATERIAL AND STATISTICAL ANALYSIS FOR CHAPTER V
Table E1
Real-time PCR amplification conditions, efficiencies, calibration standard and primers.
Elongation
time at
72°C

Efficiency
(%)

30s at 55°C

30s

108

20s

30s at 55°C

30s

88

40

60s

60s at 55°C

60s

110

35

60s

60s at 60°C

120s

92

Primer
concentrations
(μM)

Size
(bp)

Cycles

Denaturation
time at 95°C

npr

0.75

233

40

20s

sub

0.75

319

40

chiA

0.50

417

ureC

0.50

317

Target
genes

Annealing
time and
temperature

Calibration
standard
Environmental
DNA
Bacillus subtilis
ATCC 6051
Stenotrophomonas
rhizophila ATCC
BAA 473
Pseudomonas
chloroaphis O6

Primers and references
Fp nprI, Rp nprII
Bach et al., 2001
Fp subIa, RP subII
Bach et al., 2001
GA1F,GA1R
Williamson et al.,2000
ureC1F,ureC2R
Koper et al.,2004
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Table E2
Results of the repeated measures ANOVA of the effect of N sources and sampling time on soil enzyme activities.
Potential protease
Native protease
β-glucosaminidase
F
P
F
P
F
P
Treatment
4.25
**
13.52
***
21.13
***
Sampling time
138.37
***
144.73 ***
15.75
***
Treatment* time
6.90
***
5.60
***
1.39
ns
Asterisks highlight significant P values (*** p < 0.01, ** p < 0.05)
Factors

Arginase
F
P
26.57 ***
47.15 ***
2.76 ***

Urease
F
P
9.80 ***
32.10 ***
1.52 ns
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Table E3
Results of Two-way ANOVA of the effect of N sources and sampling time on functional
gene abundances.
Factors

sub

npr

chiA

ureC

F
P
F
P
F
P
F
P
Treatment
2.41 0.09
0.96 0.43
0.94 0.44
1.31 0.29
Sampling time
0.29 0.59
0.05 0.82
2.40 0.14
0.05 0.83
Treatment* time 0.47 0.70
0.20 0.90
0.90 0.46
0.66 0.59
Asterisks highlight significant P values (*** p < 0.01, ** p < 0.05)
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Table E4
Pearson Correlation Coefficients between enzyme activities and corresponding gene
abundance.
Genes
sub
sub
npr
npr
chiA
ureC

Enzymes
Potential protease
Native protease
Potential protease
Native protease
β-glucosaminidase
Urease

r
0.22
0.25
0.17
0.09
-0.13
0.18

p
0.22
0.16
0.35
0.62
0.48
0.33

n
32
32
32
32
32
32

Table E5
Pyrosequencing results and the alpha diversity of ureC at different identity cutoff values.

Treatment
Control
AS100
AS200
Compost

Sequence
Reads
13966
15870
16480
12205

chao1
552/1471/2147
590/1441/2359
559/1409/2360
554/1513/2354

80/85/90% ureC identity
ACE
observed_OTUs
shannon
563/1523/2285 497/1156/1658 6.23/7.91/9.08
591/1514/2505 510/1137/1766 6.20/7.85/8.90
568/1490/2451 482/1088/1776 6.36/8.01/8.93
559/1574/2555 499/1155/1771 6.36/7.80/8.95

simpson
0.965/0.989/0.995
0.961/0.987/0.994
0.970/0.990/0.994
0.968/0.988/0.994
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Table E6
Results of Two-way ANOVA of the effect of N treatment and year on the relative abundance of selected prokaryotic and fungal
phyla (> 1%).
Factors
Treatment
Year
Treatment*
Year

Factors
Treatment
Year
Treatment* Year

Proteobacteri
a
F
P

Acidobacteri
a
F
P

3.61
3.42

**
ns

3.31
37.35

0.97

ns

0.38

Chloroflexi
F

P

0.29
1.39
0.36

ns
ns
ns

**
***

2.03
4.5
1.93

3.38
96.93

ns

Crenarchaeota
F

Actinobacteri
a
F
P

P
ns
**
ns

Bacteroidete
s
F
P

**
***

0.52

Planctomycete
s
F
P

Verrucomicrobi
a
F
P

2.29
23.31

ns
***

1.58
15.14

ns
***

1.09
4.26

ns
ns

0.31
97.63

ns
***

1.17

ns

1.19

ns

0.72

ns

0.73

ns

ns

Nitrospirae

Gemmatimonadete
s
F
P

Firmicutes

F

P

F

P

2.91
29.28
1.81

ns
***
ns

0.75
32.22
0.75

ns
***
ns

Cyanobacteria
F
0.36
1.59
0.9

P
ns
ns
ns

Ascomycota
F
0.51
0.58
0.96

P
ns
ns
ns

Basidiomycota
F
0.65
0.58
0.92

P
ns
ns
ns

Asterisks highlight significant P values (*** p < 0.01, ** p < 0.05)
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Fig. E1. Relative abundance of the dominant phyla (> 1%) for prokaryotic (A) and fungal
(B communities. Different letters above the bars indicate a significant difference among
treatments in a specific year (p < 0.05).
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Fig. E2. Heatmap of treatment effect sizes of the relative abundances of dominant
taxonomic group (> 1%) in the prokaryotic community for soil sampled in Aug 2011.
Treatment effect size of the relative abundance of dominant taxonomic group was
calculated as (N treatment - control) / control.
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Fig. E3. Heatmap of treatment effect sizes of the relative abundances of dominant
taxonomic group (> 1%) in the fungal community for soil sampled in Aug 2011.
Treatment effect size of the relative abundance of dominant taxonomic group was
calculated as (N treatment - control) / control.
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Fig. E4. Heatmap of treatment effect sizes of the relative abundances of dominant
taxonomic group (> 1%) in the fungal community for soil sampled in Jun 2014.
Treatment effect size of the relative abundance of dominant taxonomic group was
calculated as (N treatment - control) / control.
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Results of statistical analysis for Chapter V
Repeated measures ANOVA result for arginase activity:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

26.57 <.0001

Time

6

72

47.15 <.0001

18

72

2.27 0.0076

Treatment*Time

Repeated measures ANOVA result for urease activity:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

9.80 0.0034

Time

6

72

32.10 <.0001

18

72

1.52 0.1073

Treatment*Time

Repeated measures ANOVA result for β-glucosaminidase activity:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

21.13 0.0002

Time

6

72

15.75 <.0001

18

72

1.39 0.1632

Treatment*Time

Repeated measures ANOVA result for potential protease activity:
Type 3 Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Treatment

3

9

4.25 0.0395

Time

5

60

138.37 <.0001

15

60

6.90 <.0001

Treatment*Time

APPENDIX F
SUPPLEMENTARY MATERIAL AND STATISTICAL ANALYSIS FOR CHAPTER VI
Table F1
Summary of split-plot ANOVA analysis for examining the effect of N treatment, cover crop, and sampling time on soil
functions and functional gene abundances. Asterisks highlight significant P values (***p < 0.001,** p < 0.01, * p < 0.05).
Soil properties

Organic N

Cover crop

Organic N *Cover crop

Organic C
Total N
C to N ratio
pH
Ammonium
Nitrate
Amino acid
Dissolved organic C
Dissolved organic N
Microbial biomass C
Microbial biomass N
Biomass C to N ratio
DNA

188.42***
7.50***
6.13*
116.51***
0.37

2.34
3.38
2.71
1.33
1.80
4.07
0.41
1.81
0.55
0.39
0.06
1.68
0.03

0.19
0.71
0.23
1.22
0.22
0.40
0.59
0.63
0.40
0.53
0.84
0.51
1.27

45.83***
1.32
82.49***
38.01***
24.59***
30.68***
2.86
10.82**

Time
17.84***
0.84
3.65*
1086.15***
1.73
284.64***
2.57
155.80***
64.85***
0.45
10.80***
7.93**
5.44**

Time *Organic N

Time *Cover crop

1.90
1.25
1.92

0.39
3.42
1.92
2.59
1.59

14.37**
0.70
18.07***
0.51
1.16
5.01**
3.17*
2.84*
1.56
0.76

4.90**
0.45
0.36
1.13
1.51
1.17
1.17
0.78

Organic N *
Cover crop * Time
1.88
2.76
1.53
0.64
1.01
0.26
0.33
1.32
0.26
1.08
0.51
0.51
0.61
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Table F1
Continued.
Soil properties

Organic N

Cover crop

Organic N *Cover crop

Potential protease
Native protease
β-glucosaminidase
Arginase
Urease
Dehydrogenase
Acid phosphatase
Alkline phosphatase
Net mineralization
Net nitrification
Nitrification potential (NP)
Octyne-sensitive NP
Octyne-resistant NP
AOA amoA
AOB amoA
nxrB
sub
npr
chiA
ureC

59.49***
14.43***
29.68***
10.28***
98.29***
30.91***
74.23***
143.45***
90.25***
91.88***
235.49***
127.88***
125.55***
0.99

0.78
2.42
2.02
1.03
0.33
3.51
6.42
5.74
2.32
2.93
1.45
0.27
2.66
0.07
1.40
1.33
0.67
0.68
0.22
3.21

0.21
1.41
0.43
0.23
0.57
0.74
1.66
1.17
1.17
1.28
0.92
0.83
0.48
0.82
0.34
0.69
0.92
0.71
0.57
1.90

35.92***
4.58*
7.53***
1.44
2.71
28.28***

Time
32.24***
21.03***
2.23
18.00***
39.12***
280.08***
22.88***
27.63***
466.86***
494***
84.64***
59.18***
115.92***
55.92***
119.82***
13.48***
62.06***
48.44***
3.96*
22.95***

Time *Organic N

Time *Cover crop

0.76
0.31
0.84
0.53

2.71
0.41
1.04

5.95**
2.65*
2.94*
6.49***
19.59***
20.86***
7.27***
6.42***
4.35***
0.23
07
0.53
2.19
0.69
0.95
0.17

6.23**
0.22
0.77
1.41
0.70
1.6
1.73
0.39
0.57
0.79
0.25
0.68
2.07
1.24
0.43
1.27
1.38

Organic N *
Cover crop * Time
0.68
0.12
1.01
0.68
0.49
0.45
0.64
0.77
0.51
0.57
0.83
1.01
0.83
0.52
0.90
0.40
1.71
0.33
0.71
1.71
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Table F2
Partitioning variation analysis for soil enzyme activities.
Overal
model
50.41**
70.32**
61.98**
67.1**

Geochemical
factorsa
27.68**
62.38**
53.35**
63.04**

Functional gene
abundance
4.1** (sub + npr)b
0 (sub + npr)
0.2 (chiA)
0.4 (ureC)

Enzymes
Native protease
Potential protease
β-glucosaminidase
Urease
Nitrification potential
(NP)
81.26**
40.08**
0.5 (AOA + AOB)
Octyne-sensitive NP
83.26**
64.16**
0 (AOA)
Octyne-resistant NP
73.49**
52.68**
0 (AOB)
Potential nitrite
oxidation
59.52**
44.04**
0 (nxrB)
Asterisks highlight significant P values (*** p < 0.01, ** p < 0.05)
a
Geochemical factors include organic C, total N, C:N, pH, ammonium, nitrate, amino
acid, EOC, EON, MBC, MBN, MBC:MBN, DNA.
b
Abundance of genes used in variation partitioning analysis were showed in parentheses.

299

Figure F1. Effect of N treatment and sampling time on the ratio of AOA to AOB (A) and
octyne-resistant fraction (B). Different lowercase letters above bars indicate a significant
difference among N treatments in a specific sampling time (p < 0.05).
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Results of statistical analysis for Chapter VI
Statistical analysis summary for organic C:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

3.38 0.1384

Treatment

2

12

7.50 0.0077

Cover crop*Treatment

4

12

0.71 0.6005

Time

2

36

0.84 0.4413

Cover crop*Time

4

36

3.42 0.0181

Treatment*Time

4

36

1.25 0.3062

Cover crop *Treatment*Time

8

36

2.76 0.0174

Statistical analysis summary for total N:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value Pr > F

Cover crop

2

4

3.38 0.1384

Treatment

2

12

7.50 0.0077

Cover crop*Treatment

4

12

0.71 0.6005

Time

2

36

0.84 0.4413

Cover crop*Time

4

36

3.42 0.0181

Treatment*Time

4

36

1.25 0.3062

Cover crop *Treatment *Time

8

36

2.76 0.0174

Statistical analysis summary for pH:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

1.33 0.3617

Treatment

2

12

116.51 <.0001

Cover crop*Treatment

4

12

1.22 0.3544

Time

2

36 1086.15 <.0001

Cover crop*Time

4

36

2.59 0.0530

Treatment*Time

4

36

14.37 <.0001

Cover crop*Treatment*Time

8

36

0.64 0.7370
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Statistical analysis summary for ammonium:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value Pr > F

Cover crop

2

4

1.80 0.2777

Treatment

2

12

0.37 0.6999

Cover crop*Treatment

4

12

0.22 0.9199

Time

2

35

1.73 0.1916

Cover crop*Time

4

35

1.59 0.1977

Treatment*Time

4

35

0.70 0.5951

Cover crop*Treatment*Time

8

35

1.01 0.4464

Statistical analysis summary for nitrate:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

4.07 0.1087

Treatment

2

12

45.83 <.0001

Cover crop*Treatment

4

12

0.40 0.8036

Time

2

36

284.64 <.0001

Cover crop*Time

4

36

4.90 0.0030

Treatment*Time

4

36

18.07 <.0001

Cover crop*Treatment*Time

8

36

0.26 0.9747

Statistical analysis summary for dissolved organic C:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

1.81 0.2753

Treatment

2

12

82.49 <.0001

Cover crop*Treatment

4

12

0.63 0.6533

Time

2

36

155.80 <.0001

Cover crop*Time

4

36

0.36 0.8324

Treatment*Time

4

36

1.16 0.3434

Cover crop*Treatment*Time

8

36

1.32 0.2643
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Statistical analysis summary for dissolved organic N:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

0.55 0.6163

Treatment

2

12

38.01 <.0001

Cover crop*Treatment

4

12

0.40 0.8042

Time

2

36

64.85 <.0001

Cover crop*Time

4

36

1.13 0.3566

Treatment*Time

4

36

5.04 0.0025

Cover crop*Treatment*Time

8

36

0.26 0.9749

Statistical analysis summary for microbial biomass C:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

0.39 0.7005

Treatment

2

12

24.59 <.0001

Cover crop*Treatment

4

12

0.53 0.7171

Time

2

36

0.45 0.6387

Cover crop*Time

4

36

1.51 0.2210

Treatment*Time

4

36

3.17 0.0249

Cover crop*Treatment*Time

8

36

1.08 0.3965

Statistical analysis summary for microbial biomass N:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

0.06 0.9398

Treatment

2

12

30.68 <.0001

Cover crop*Treatment

4

12

0.84 0.5234

Time

2

36

10.80 0.0002

Cover crop*Time

4

36

1.18 0.3350

Treatment*Time

4

36

2.84 0.0383

Cover crop*Treatment*Time

8

36

0.51 0.8378
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Statistical analysis summary for potential protease:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

0.78 0.5165

Treatment

2

12

59.49 <.0001

Cover crop*Treatment

4

12

0.21 0.9258

Time

2

36

32.24 <.0001

Cover crop*Time

4

36

2.71 0.0455

Treatment*Time

4

36

0.76 0.5586

Cover crop*Treatment*Time

8

36

0.68 0.7078

Statistical analysis summary for arginase:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

1.03 0.4356

Treatment

2

12

10.28 0.0025

Cover crop*Treatment

4

12

0.23 0.9146

Time

2

36

18.00 <.0001

Cover crop*Time

4

36

6.23 0.0006

Treatment*Time

4

36

0.53 0.7138

Cover crop*Treatment*Time

8

36

0.68 0.7091

Statistical analysis summary for urease:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

0.33 0.7380

Treatment

2

12

98.29 <.0001

Cover crop*Treatment

4

12

0.57 0.6869

Time

2

36

39.12 <.0001

Cover crop*Time

4

36

0.22 0.9268

Treatment*Time

4

36

5.95 0.0009

Cover crop*Treatment*Time

8

36

0.49 0.8566
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Statistical analysis summary for dehydrogense:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

3.51 0.1318

Treatment

2

12

30.91 <.0001

Cover crop*Treatment

4

12

0.74 0.5797

Time

2

36

280.08 <.0001

Cover crop*Time

4

36

0.77 0.5550

Treatment*Time

4

36

2.65 0.0487

Cover crop*Treatment*Time

8

36

0.45 0.8792

Statistical analysis summary for acid phosphatase:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

6.42 0.0564

Treatment

2

12

74.23 <.0001

Cover crop*Treatment

4

12

1.66 0.2236

Time

2

36

22.88 <.0001

Cover crop*Time

4

36

1.41 0.2488

Treatment*Time

4

36

2.94 0.0337

Cover crop*Treatment*Time

8

36

0.64 0.7426

Statistical analysis summary for alkaline phosphatase:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

5.74 0.0668

Treatment

2

12

143.45 <.0001

Cover crop*Treatment

4

12

1.17 0.3702

Time

2

36

27.63 <.0001

Cover crop*Time

4

36

0.70 0.5941

Treatment*Time

4

36

6.49 0.0005

Cover crop*Treatment*Time

8

36

0.77 0.6284
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Statistical analysis summary for net N mineralization:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

2.32 0.2142

Treatment

2

12

90.25 <.0001

Cover crop*Treatment

4

12

1.17 0.3715

Time

2

36

466.86 <.0001

Cover crop*Time

4

36

1.60 0.1965

Treatment*Time

4

36

19.59 <.0001

Cover crop*Treatment*Time

8

36

0.51 0.8419

Statistical analysis summary for net nitrification:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

2.93 0.1648

Treatment

2

12

91.88 <.0001

Cover crop*Treatment

4

12

1.28 0.3305

Time

2

36

494.00 <.0001

Cover crop*Time

4

36

1.73 0.1657

Treatment*Time

4

36

20.86 <.0001

Cover crop*Treatment*Time

8

36

0.57 0.7951

Statistical analysis summary for nitrification potential:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

1.45 0.3360

Treatment

2

12

235.49 <.0001

Cover crop*Treatment

4

12

0.92 0.4830

Time

2

36

84.64 <.0001

Cover crop*Time

4

36

0.39 0.8168

Treatment*Time

4

36

7.27 0.0002

Cover crop*Treatment*Time

8

36

0.83 0.5785
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Statistical analysis summary for AOA abundance:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

0.07 0.9329

Treatment

2

12

0.99 0.4002

Cover crop*Treatment

4

12

0.82 0.5360

Time

2

36

55.92 <.0001

Cover crop*Time

4

36

0.25 0.9065

Treatment*Time

4

36

0.23 0.9195

Cover crop*Treatment*Time

8

36

0.52 0.8349

Statistical analysis summary for AOB abundance:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

1.40 0.3469

Treatment

2

12

35.92 <.0001

Cover crop*Treatment

4

12

0.34 0.8430

Time

2

36

119.82 <.0001

Cover crop*Time

4

36

0.68 0.6136

Treatment*Time

4

36

0.73 0.5788

Cover crop*Treatment*Time

8

36

0.90 0.5231

Statistical analysis summary for nxrB copy numbers:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

1.33 0.3610

Treatment

2

12

4.58 0.0333

Cover crop*Treatment

4

12

0.69 0.6109

Time

2

36

13.48 <.0001

Cover crop*Time

4

36

2.07 0.1055

Treatment*Time

4

36

0.53 0.7152

Cover crop*Treatment*Time

8

36

0.40 0.9154
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Statistical analysis summary for ureC copy numbers:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

3.21 0.1474

Treatment

2

12

28.28 <.0001

Cover crop*Treatment

4

12

1.90 0.1744

Time

2

36

22.95 <.0001

Cover crop*Time

4

36

1.38 0.2606

Treatment*Time

4

36

0.17 0.9523

Cover crop*Treatment*Time

8

36

1.71 0.1289

Statistical analysis summary for npr copy numbers:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value

Pr > F

Cover crop

2

4

0.68 0.5563

Treatment

2

12

1.44 0.2756

Cover crop*Treatment

4

12

0.71 0.6030

Time

2

36

48.44 <.0001

Cover crop*Time

4

36

0.43 0.7840

Treatment*Time

4

36

0.69 0.6065

Cover crop*Treatment*Time

8

36

0.33 0.9499

Statistical analysis summary for chiA copy numbers:
Type III Tests of Fixed Effects
Effect

Num DF Den DF F Value Pr > F

Cover crop

2

4

0.22 0.8129

Treatment

2

12

2.71 0.1066

Cover crop*Treatment

4

12

0.57 0.6874

Time

2

36

3.96 0.0278

Cover crop*Time

4

36

1.27 0.3009

Treatment*Time

4

36

0.95 0.4463

Cover crop*Treatment*Time

8

36

0.71 0.6768
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